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Increase production and cut 
operating costs. Are you using the 
pad-batch (cold) process ? 


This is one of the simplest methods ever devised for 
dyeing cotton, viscose rayon and linen fabrics. 


Fast shades can be readily produced by this method 
using either Procion® or Procion ‘H’ dyestuffs. 
Solid, well penetrated dyeings of excellent colour 
value result. Millions of yards of fabrics were dyed 
by this process in 1960. 


The process consists simply of padding the fabric 
through a solution of dyestuff and an alkali, 
batching at room temperature and washing off. Two 
processes are available to meet the requirements of 
individual customers. 


| Use the cold-dyeing Procion dyestuffs and mix 
the dyestuff and alkali solutions just before they 
enter the pad-trough. Soda ash is the alkali 
usually employed. Automatic mixers are avail- 
able* A batching time of only 1—2 hours is 
required. 


If long batching times are convenient either the 
cold dyeing Procions or Procion ‘H’ brands can 
be used and the dyestuffs and alkali can be mixed 
in the storage tanks. In this process sodium 
bicarbonate is used with the cold-dyeing Procion 
dyestuffs, and caustic soda with the ‘H’ brands. 
Batching for 16—24 hours is necessary when this 
method is used. 
*An automatic mixer can be supplied at low cost by:— 
The Horsfall Engineering Co., Ltd. 
Ironmonger Lane, 
Oldham, 
England. 
PROCION dyes specially recommended for 
economy in use: 
Procion Yellow 4R 
Procion Yellow GR 
Procion Brilliant Orange 2R 
Procion Brilliant Red 5B 
Procion Brilliant Red 8B 
Procion Blue 3R 
PROCION® dyes—patented in the main industrial 
countries— 
for increased economy 
high fastness 
widest shade range 


IMPERIAL CHEMICAL INDUSTRIES LIMITED Q 
X218 LONDON 8.W.1. ENGLAND 


Specifications to suit 
chemical duties 


These Safran Unishaft electric pumps offer, in addition to 
their performance, a robustness that ensures long service, 
tness that requi ini i Nation space and 
a mere fractional footing for firm anchorage. Sizes }”/}” 
to 5”/6". Duties to 900 g.p.m. 


REGISTERED TRADE MARK 


MAKERS ALSO OF MULTISTAGE, SELF-PRIMING, 
TRUNK, SUMP AND WATER CIRCULATOR PUMPS 


SAUNDERS VALVE COMPANY LIMITED 
SAFRAN PUMP DIVISION 
DRAYTON STREET WOLVERHAMPTON 


JOURNALS WANTED 


The Society is urgently 
wanting Journals (in good 
condition) for January to 
May 1961 and July and 

September 1961 


Please address communications 
to the General Secretary 


Nominal payment will be 
made 
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The automatic filter spectrograph analy- 
ses, measures, compares and checks, 
in fractions of a second and with a 

high degree of accuracy, 


Colours 


of textiles, colour prints, dyestuffs, foils, ll- 
quids, glasses, wall facings, foodstuffs, 
light fixtures, drugs, powders, papers, 
ceramics, sheet metais, plastic mate- 

rials etc. 


The Spectromat enables automa- 
tion of manufacturing operations 
so far performed manually and 
rationalization of production 
to be achieved, and helps 

save time and money. 


MANUFACTURED AND SOLD BY: Prefema yo ZUrich 2 Drelkinigstr.49 TEL. (061) 231714 


Textile dyeings— Formulated and shaded by the Spectromat 


ESTABLISHED 1877 


We have been Manufacturing 


DYESTUFFS 


for more than Seventy Years! 


Why not avail yourself of our long 
experience? It is freely at 


your disposal 


HOUNSLOW wR MIDDLESEX 
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ALLL. MANUTEX BRAND OF SODIUM ALGINATE 
THE TEXTILE INDUSTRY 


Sodium alginate is the thickening agent most 
widely recommended for printing the reactive 
it also is used for preventing 


iv Dee. 1961 
WITH REACTIVE DYESTUFFS 
migration of dyestuffs during intermediate 
drying when dyeing by the“‘wet-on-dry” process. 
MANUTEX is available in a wide © 
For details, send for new booklet 
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Uneven Dyeing 


The difficulty of even dyeing when padding 
is well known, due to the possibility of the 
liquor flowing back on to the surface of 
the fabric unevenly. 


On che Benninger 4 Bow! Padder this back 
flow of the dye liquor is eliminated. 


The 4 Bowls form the liquor chamber, the 
superfluous dye liquor being squeezed out 
into the dye bath and not on to the cloth. 


The result of this is evenly impregnated 
fabrics and perfect colouring. 


Please ask for more details. 


BENNINGER 


BENNINGER Agents for the United Kingdom and Eire 


ENGINEERING CO LTD BARKE MACHINERY LTD 


100 Portland Street Ashton-under-Lyne 
UZWIL (SWITZERLAND) Telephone ASHton 3623 Telex 66163 
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The Journal of the Society of Dyers and Colourists 


(Subscription rates for non-members £7 0s Od per annum, post free) 
(Abstracts section only— see January issue, page 2) 


NOTICE TO MEMBERS AND SUBSCRIBERS 


Readers requiring general information regarding the Official Notices, List of Officers of the Society, etc, 

should consult pages 1-8 of the January 1961 and pages 277-285 of the July 1961 issues of the ‘ournal, or 

write to The General Secretary, a Society. of } and Colourists, Dean House, 19 Piccadilly, radford 1, 

Yorkshire (Telephone Bradford 25138). ———— should be addressed to The The Editor, at the 
same 


Forthcoming Papers 

The following papers have been accepted by the Publications Committee, and will appear in 

future issues of the Fournal— 
LECTURES 

Scouring and Dyeing Blends for the Carpet Trade R. C. Cheetham 
Dyeing and Finishing Terylene—Linen Fabrics I. E. Haden 
The Problem of Illumination in Colour Matching K. McLaren 
Some Fundamental Aspects of the Washing Process G. F. Parish 
Combined Dyeing and Finishing of Cellulosic Piece Goods I. D. Rattee 
An Introduction to Organic Pigments F. M. Smith 


COMMUNICATIONS 
The State of Indigoid and Thioindigoid Dyes in Dyed Materials G. S. Egerton and F. Galil 


Two Problems associated with the Blending of Coloured Fibres 
F. C. Guthrie, (Miss) ¥. Moir and P. H. Oliver 


Photochemistry of Sodium Chlorite in Solution, with special reference 
to Chlorite Bleaching C. Kujirai and I. Fujita 


Sorption of Acids by Wool from Mixtures of the Acids 
I— Sorption of Hydrochloric Acid and Dichloroacetic Acid or Monochloroacetic 
Acid P. Larose and R. Donovan 


Paper Chromatography of Insoluble Dyes F. Sramek 
Characterisation of Solvent-soluble Dyes by Optical Transmission Methods I. F. Trotter 


PAPER SPONSORED BY THE SOCIETY’S IDENTIFICATION OF DYES COMMITTEE 
Identification of Reactive Dyes on Cellulosic Fibres F. Fordinson and R. Lockwood 


Why not contact 


CARROL & DENFIELD 


Production, Process and Chemical Consultants 
61 LANCASTER AVENUE HOUSE 


FENNEL STREET MANCHESTER 4 
Telephone BLAckfriars 1300 


Patents Designs Trade Marks 
W P THOMESON CO 


50 LINCOLN’S INN FIELDS 
LONDON WC 2 
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Brilliant Alizarine Milling Dyes Brilliant Alizarine Milling Blue 


For dyeing and printing wool, silk and FGL* and F2GL* 

polyamide fibres. High light and milling Valuable for combination shades with 

fastness. Brilliant shades. Suitable for the redder blues of this series and also 

high temperature dyeing. Brilliant Alizarine Milling Green 2GL*. 
Suitable for shading Lanasyn colours. 


*Protected by patent rights in numerous industrial countries 


SANDOZ PRODUCTS LTD 
CALVERLEY LANE 
HORSFORTH LEEDS 
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Procion Brilliant Yellow H4G 


ECONOMIC producer of bright greenish 


yellow shades of good all-round fastness. 
SOLUBLE possessor of excellent building- 
up properties, high print paste stability and 
good washing-off characteristics. 
VERSATILE provider, on printed cotton, 


viscose rayon, chlorinated wool and natural 


silk, of a wide range of admixture shades and 


dischargeable ground shades. 
ICI SPECIALIT Y—achiever of first quality 


results by all established Procion ‘H’ recipes. 


PROCION 


dyes for increased economy: 
high fastness: widest shade range. 


® Patented in all the main industrial countries 
Full information on request: 


IMPERIAL CHEMICAL INDUSTRIES LTD | SWI ENGLAND 
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Symposium Committee 
Chairman A.58. Levesley, M.Sc. F.R.1.C. 


Bristol Subcommittee Technical Papers Subcommittee 
E. A. Dean G. T. Douglas, Ph.D. F.S.D.C. 
K. Foster R. K. Fourness, B.Sc. F-R.I.C. F.S.D.C. 
A. C. Gilbert, B.sc.(Tech.) J. G. Grundy, F.s.p.c. (Chairman) 
E. Holden, B.sc. E. Holden, B.se. 
F. Jamieson S. Shaw, a.M.c.T. A.T.1. F.S.D.C. 
J. N. Littler A. Thomson, A.R.1.C. F.S.D.C. 
M. Magnew 
S. Shaw, A.M.C.T. A.T.I. F.S.D.C. 
T. J. 8. Smith, a.M.c.7. a.7.1. 
G. Welford, Ph.p. 
J. W. Young 


General Secretary Editor and Technical Officer 
J. W. Nicholls, F.c.1.s. M. Tordoff, Ph.D. A.R.1.c. 


Symposium Activities 

Some 200 delegates, including a number from the Continent, attended the Society's 
ninth Symposium. One of the outstanding features of the technical programme was the 
use of the Eidophor colour television system in the presentation of four of the papers, 
namely those by Peters and White; Alderson, Atherton, and Derbyshire; Bell; and 
Whittaker. In addition, Ciba Clayton Ltd, who generously made the equipment available, 
arranged two special lectures which revealed the potentialities and the versatility of this 
system of colour television. Dr. Hans Traber of Ziirich, a leading microscopist, 
demonstrated the appearance under the microscope of single-cell animals and plants and 
certain multi-cell creatures. In the other lecture Professor 8. Tolansky of the University 
of London described the study of surfaces by microtopography and the use of contour 
maps. These two lectures admirably demonstrated how valuable scientific information 
can be obtained by making a mountain out of a molehill. 


The social side of the Symposium also played an important part. On Tuesday 
evening the President and Mrs. Hannay held an informal reception, at which there was 
dancing, in the Ballroom Suite of the Grand Hotel. On the following evening most of the 
delegates and their wives attended a reception given by the Lord Mayor of Bristol and 
the Lady Mayoress at the Council House. The Symposium Dinner and Dance was held 
on Friday evening; the speeches are reported on the following pages. 


In addition to these functions, visits were made to Wells Cathedral and Glastonbury, 
and to the Severn Wild Fowl! Trust and Berkeley Castle. By courtesy of Messrs J. Harvey 
& Co., a wine tasting was held on the Thursday evening, and later that evening many 
delegates visited the Theatre Royal, the oldest theatre in England. 


The amenities of the Ashton Court Country Club were placed at the disposal of dele- 
gates, who were also able to use the facilities of the Long Ashton, Bristol and Clifton, and 
Henbury Golf Clubs. The ladies were not forgotten, since Messrs J. F. Taylor & Son Ltd. 
made available to them tickets for fashion shows held in their show-rooms. 
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OPENING OF THE SYMPOSIUM 


SYMPOSIUM DINNER 


Opening of the Symposium 
Wednesday, 20th September 1961 at 9.30 a.m. 
The Symposium was formally opened by the President of the Society (Mr. Ramsay J. Hannay). 


Mr. Hannay said that the decision to meet in 
Bristol was due to a desire to give encouragement 
to the newly formed West of England and South 
Wales Section of the Society, in which there were 
many enthusiastic workers. The Bristol area con- 
tained an amazing variety of industries and it was 
because of this that the programme included, in 


addition to papers on the coloration of textiles, 
lectures on the coloration of plastics and leather, 
and on coloristic aspects of paper and paint. The 
breadth of the subject matter emphasised the 
Society's concern with the art and science of 
coloration of all types of substrates. 


Symposium Dinner 


The Symposium Dinner and Dance was held on 
Friday, 22nd September 1961, under the presidency 
of Mr. Ramsay J. Hannay. 


“THE CITY AND COUNTY OF BRISTOL” 


After the toast of ‘Her Majesty the Queen’, 
that of “The City and County of Bristol’ was pro- 
posed by— 

Mr. M. Srevenson, J.P. (Immediate Past 
President of the Society), who said that everyone 
was conscious that the men of Bristol had played 
a vital part in making England great in times gone 
by. They had explored continents and founded 
colonies in the pursuit of the ideals of peace. They 
had carried to the ends of the earth the products 
of the country’s craftsmen. Equally, they had 
From Bristol 


played their part in time of war. 
went the ships carrying men who were to be the 
forerunners of our civilisation, and in recent times 
Bristol had borne the brunt of enemy attack with 
fortitude. 

Visitors to Bristol found imposing buildings and 


prosperous manufacturing units. Members of the 
Society in particular were impressed by the 
coloration of its buildings; Bristol seemed to have 
preserved the beauty of contour and perfection of 
colour that aroused the envy of those from less 
favoured areas. 

At the Reception given by the Lord Mayor at 
the Council House, they had gained further 
knowledge of the city’s history and treasures. They 
were impressed by the courtesy with which they 
had been received and the spirit of adventure which 
they sensed. When the Society decided to establish 
the West of England and South Wales Section two 
years ago, it took a step for which it would never 
be sorry. 

Alderman H. (The Lord Mayor of 
Bristol), who responded to the toast, re-emphasised 
the welcome that the city had given at the 
Reception on Wednesday evening. He had every 
reason to believe that they had felt intense satis- 
faction from their discussions that week. The 
Society had shown initiative in illustrating lectures 
by means of a colour television unit, and he had 
watched the Eidophor demonstration film, “Seeing 
the Very Small’, with great interest. 

Bristolians were extremely proud of their city 
and were determined that this pride should not be 


misplaced. They welcomed the fact that the 
Council of the Society had the foresight to recognise 
the importance of Bristol and to establish a Section 
there. The Society had an opportunity of serving 
the public in a way that the average person had 
not; the Colour Index, in particular, was held in 
high regard by industry. 

The city that was “virtuous and industrious” 
had taken them to its heart; he hoped that at some 
future date the Symposium would again be held 
in Bristol. 


THE SOCIETY OF DYERS AND COLOURISTS”’ 

Professor Witson Baker, F.R.S. (Professor of 
Organic Chemistry, University of Bristol) proposed 
the toast of “The Society of Dyers and Colourists”. 

He referred to the development of the industry 
from the accidental discovery of the first synthetic 
dye by William Henry Perkin in 1856, and of the 
diazo reaction by Peter Griess a few years later 
which led to the introduction of azo dyes. It had 
been stated that since then over one million com- 
pounds had been produced as potential dyes, but 
only about 3,500 had been found of practical value. 
The world’s dyemakers were said to spend £300 
million a year on research. 

From the 1880s to the 1930s a course in dye 
chemistry was an integral part of a university 
honours degree in chemistry, but this was no longer 
the case. Today many students were woefully 
ignorant of dye chemistry because no longer was 
there time in a three-year course to include it. 
Because of this situation, the dye-making and dye- 
using industries must be failing to attract many 
good people to their ranks. Professor Baker felt 
that the monthly Journal of the Society, which had 
appeared regularly since 1884, and the Colour 
Index—the ‘Encyclopaedia Britannica of the 
colour industry’’— were not as well known as they 
should be. He suggested that the Society might 
consider making its Journal available to university 
libraries, since this would, he felt sure, result in the 
recruitment of highly qualified organic chemists by 
the dyestuff industry. 

Mr. Ramsay J. Hannay (President of the 
Society), responding, said he had received from 
Mr. John Boulton, President of the International 
Federation of Associations of Textile Chemists and 
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SYMPOSIUM DINNER 


Colourists, and a past President of the Society, a 
message of good wishes from the Federation. 

The Society was very conscious of the work 
being done in the universities; copies of the Journal 
were already made available to certain universities 
and technical colleges. He, personally, felt that 
one of the advantages of a university course was 
that it provided a wider background against which 
to apply a technology later, whatever it might be. 

The Society had chosen Bristol for this year’s 
Symposium because it was the centre of their 
youngest Section. The Society had something to 
offer to industry and to the young people going 
into industry; they also had a tradition to maintain. 
Their meetings were held in a very friendly 
atmosphere that encouraged the exchange of ideas 
and knowledge. 

The Society received excellent support from 
industry, and if they could encourage the industries 
in the Bristol area to give the same support that 
they received elsewhere, they would have done the 
job they set out to do. 


“OUR GUESTS” 

Mr. R. C. Oakey, O.St.J. (President-elect of the 
Society) proposing the toast to the guests, said that 
the Symposium in Bristol would long be remem- 
bered, not only for its valuable contribution to the 
work of the Society, but also for the warm 
hospitality that they had received from the City. 
Thanks had already been expressed for this 
hospitality and to those who had contributed in 


J8.D.C.77 


many ways to the pleasure of delegates and the 
success of the Symposium. 

The Society therefore welcomed the opportunity 
to have many ladies and gentlemen as honoured 
guests on such a festive occasion, made all the more 
so by the Lord Mayor’s sharing his birthday with 
them. He welcomed the guests and thanked them 
for the honour and pleasure of their company. 

Mr. J. Prrrarp (President, British Leather 
Manufacturers’ Research Association) responded 
for the guests. 

Speaking of the Colour Index, he said that he was 
first introduced to it in 1927. The second edition 
of the Colour Index, published in 1956, was a 
masterpiece when one realised the rate at which 
new dyes and pigments were being produced; the 
amount of work involved in the attempt to collate 
all the information possible was tremendous. Its 
value was recognised all over the world; 50 sets 
had just been sent to Russia. 

The work of the Society was done by dedicated 
people, and the best traditions of the art and craft 
of coloration had been maintained. The success of 
the forum in Bristol was an illustration of the 
valuable work that was being done. The dis- 
semination of knowledge by the various speakers 
and the frank discussions and arguments which 
followed could do nothing but good to the industry 
as a whole. 

Britain today had nothing to sell but the skill 
of her people; British skill could help to ensure that 
we maintained our position in the world as a great 
trading nation. 
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WEDNESDAY MORNING, 20th SEPTEMBER 1961 


Chairman— Mr. Ramsay J. HANNAY 


The Effect of Heat-setting Treatments on the Dyeing Behaviour 
of Nylon Yarns and Fabrics 
H. W. Perers and T. R. Wurtz 


The effects of dry-heat setting and pressure-steam setting on the dyeing behaviour of nylon yarns are 
considered. Measurements have been made of the influence of the temperature and duration of dry-heat 
setting on the rates of dyeing of nylon 6.6 yarns and fabrics with the direct dye Chlorazol Violet R (C.1. 
Direct Violet 3) and the |: 2 metal-complex dyes Irgalan Red 3G (C.I. Acid Red 220) and Irgalan Grey BL 
(C.I. Acid Black 58). Similar measurements were carried out on steam-set nylon 6.6 yarns to examine 
the influence of presteaming conditions, steam pressure, steam quality, and variation of the steam-setting 
procedure. The practical implications of the results are discussed, especially with regard to uniform 
setting and subsequent dyeing behaviour of nylon yarns and fabrics. The effects of dry-heat and pressure- 
steam setting are interpreted in terms of the proposed molecular mechanism of setting, which considers 
especially the influence of moisture on the fine structure of nylon. 


Introduction 

All polyamide yarns and fabrics are subjected to 
some form of heat treatment to confer dimensional 
stability and desirable textile properties. Heat 
treatment or setting of fabrics can be carried out by 
several methods'~*. Only the principles of four 
widely used methods will be mentioned here. 

(a) Hot-air setting This is the most common 
method; it has the advantages of a continuous 
process. The fabrics are held at open width on a pin 
stenter and heated in an enclosure by jets of hot air, 
usually at 195-225°C (380-440°F). Exposure time 
depends to some extent on the fabric weight but is 
usually 15-30 s. 

(b) Radiant-heat (infrared) setting This is 
also carried out on a pin stenter, but the tempera- 
ture of the cloth is raised by the selective absorp- 
tion by the fibre of infrared radiation emitted from 
electrically heated sheathed wire elements. 

(c) Hot rolling or calendering This is a very 
efficient way of raising the fabric temperature and, 
being a continuous method, is economically attrac- 
tive, but there is very little control of fabric width. 

(d) Pressure-steam setting This is practised 
at present as a batch process. The fabric is batched 
and set in steam, at pressures up to about 40 Ib/in® 
gauge, in an autoclave. This produces a fabric with 
a soft handle and good crease resistance, but there 
is no control of width. 

Supply yarns are often subjected to heat treat- 
ments. For example, a stable filament crimp is 
necessary to give cohesion and bulk to yarn for 
processing into worsted-type staple, and the 
dimensional and mechanical properties of the 
crimped filament are effectively stabilised by 
setting in saturated steam under pressure. Steam 
setting of crimped nylon tow for pile fabrics is 
necessary to impart desirable fabric handle; dry- 
heat setting gives a limp, inferior pile. Twist- 
setting of nylon carpet yarns in steam is carried 
out to give desirable texturised effects‘. Within 
the past few years bulked continuous-filament 
yarns have been ‘developed on a considerable scale. 
The production of bulked yarns by false-twist 


processes generally involves the use of dry-heat 
setting carried out on the threadline immediately 
after twisting. Heat treatments of the t 
described have long been known to affect the 
dyeing behaviour of nylon yarns, and inadequate 
control of the processes to lead to unevenly dyed 
fabrics *’. 

The amount of anionic dye absorbed and the 
rate of dyeing depend on, the concentration of 
amine end-groups *"°. Changes in the degree of 
order or crystallinity of the polyamide and in the 
degree of orientation of both the ordered regions 
and the molecular chains in amorphous regions 
influence the behaviour toward many dyes", 
Heat-setting treatments alter the physical fine 
structure of polyamide yarns, and hot-air setting 
also results in a decrease in amine end-group 
content through oxidation. The effect of heat- 
setting on dyeing with a particular dye will depend 
on the sensitivity of the dye to physical and 
chemical variations in nylon yarns '*. The uptake 
of the acid triphenylmethane dye Kiton Pure Blue 
V (C.I. Acid Blue 1) has been used to determine 
the setting effect produced by steam on nylon 6 
yarns 

More detailed information has recently become 
available on the effect of both dry-heat setting and 
pressure-steam setting on the dyeing behaviour of 
nylon 6.6%:"* and nylon 6".!?-® yarns. The 
results of published work show that dry-heat 
setting of polyamide fabrics at temperatures of 
up to about 200°C causes a decrease in the equili- 
brium uptake and rate of dyeing for all the classes 
of dyes investigated. Results obtained at 
H.A.T.R.A." showed that the rate of dyeing with 
Cibalan Blue BRL (C.I. Acid Blue 170) of false- 
twist nylon 6.6 yarns set by dry heat decreased to a 
minimum at heater temperatures of 200-210°C and 
then rose rapidly at higher heater temperatures 
until the uptake of yarn heat-set at about 250°C 
exceeded that of the flat unprocessed yarn. A 
similar effect was noted with nylon 6.6 fabric set by 
dry heat in an experimental fluidised bed. Setting 
in saturated steam generally increases the rate of 
dyeing of nylon yarns. The results obtained in all 
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the published work emphasise the difficulties that 
can be caused in fabric dyeing by non-uniform heat 
setting. 

The work described in this paper is aimed at 
obtaining information on the heat-setting variables 
that have practical significance for the dimensional, 
mechanical, and dyeing properties of nylon 6.6 
yarns. The programme is by no means complete, 
but sufficient information is now available, to- 
gether with the published results of other workers, 
to enable a reasonable guide to the important 
factors in the heat-setting of nylon yarns to be 
presented. 

The observations on the effects of heat-setting 
treatments on the dyeing behaviour of nylon yarns 
have wider implications with regard to the fine 
structure of polyamides and the effects of heat 
and moisture on the structure. The results there- 
fore have both an immediate practical value 
and a theoretical significance which will be briefly 
discussed. 


Experimental 

Except where otherwise stated, experiments 
were carried out on nylon 6.6 yarns of 6 denier 
per filament. 

Dye content of fibre was determined by the 
absorptiometry of phenol—water solutions of the 
fibre dyed under standard conditions. Relative 
dyeing rates were determined from measurements 
of dye uptake after a standard time. 


EFFECT OF SETTING TREATMENTS ON 
EQUILIBRIUM MOISTURE REGAIN AND 
DYE UPTAKE 


The effects of dry-heat setting for 5 min in air 
at 200°C and setting in steam under 25 lb/in® gauge 
pressure on the uptake of the direct cotton dye 
Chlorazol Violet R (C.1. Direct Violet 3) and the 
1:2 metal-complex dye Irgalan Red 3G (C.I. Acid 
Red 220) by nylon 6.6 yarns are shown in Fig. 1, in 
which the dye uptake is expressed in arbitrary 
units. The results illustrate that dry-heat setting 
at 200°C decreased both the equilibrium uptake 
and the rate of dyeing with both dyes. Steam 
setting had little or no effect on the equilibrium dye 
uptake of Chlorazol Violet R, but the value for 
Irgalan Red 3G was increased slightly. The rate 
of dyeing was increased in both cases. 

The percentage moisture regains of the control 
and heat-set yarns are given in Table I. 


TasBLe I 
Effect of Setting on Moisture Regain of 
Nylon 6.6 Yarns 
Setting treatment Moisture regain 
at 20°C and 65% r.h. 
(%) 
4-02 
2-98 
4:17 


None 
Air 200°C, 5 min 
Steam 25 Ib/in®* gauge pressure, 5 min 


DRY-HEAT SETTING OF NYLON 6.6 YARNS 
Effect on Amine End-group Content 
Oxidative degradation occurs fairly rapidly when 
yarns of nylon 6 or 6.6 are heated in air at tempera- 
tures above about 200°C; prolonged heating at 
lower temperatures (e.g. 150°C) also results in 
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Chlorazol Violet R 
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(b) Irgalan Red 3G 


Control yarn, untreated 
. Yarn set in air at 200°C for 5 min 
1?) Yarn set in satd. steam (25 Ib/in® gauge) for 5 min 


Fie. 1— Effect of setting ov the uptake of dyes by nylon 6.6 yarns 


oxidation. This oxidation is characterised by 
breakage of polymer chains, an increase in carb- 
oxyl end-group content, and a decrease in amine 
end-group content. 

Fig. 2 shows the decrease in amine end-group 
(AEG) content, determined as described by Price, 
for 15-den. monofil, Type 100 and 30/10* Type 100 
yarns exposed in air at 215°C (ca. 420°F) for up 
to 60s. The results confirm previous findings that 
the decrease in AEG on heating normal nylon 6.6 
yarns in air is independent of filament denier. 

Fig. 3 shows the changes in AEG content that 
occurred when a locknit fabric constructed from 
40/13/4Z+, Type 100 yarn was set on a stenter frame 


* 30-Denier, 19-filament. 


+ For details of desi 


tions of yarn structure see T.T.S. No. 62, 
J. Textile Inst., 51, 


'87 (1960). 
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Fie, 2— Effect of setting time in air at 215°C on amine 
end-group (AEG) content of nylon 6.6 yarns 
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= 


= 
4 
< 


i 1 
380 400 420 
Stenter air temperature, °F 

A Fabricspeed (Syd/min Exposuretime 27s 

B Fabricspeed !O0yd/min Exposuretime 40s 


Fie. 8-— Effect of stenter dry-heat setting on AEG 
content of locknit nylon 6.6 fabric 
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© Chlorazol Violet R (left-hand scale) 


Fre. 4— Effect of heating in air for 5 1Y on dyeing rate and 
AEG content of nylon 6 
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in hot air at 380-440°F (ca. 193-227°C) and at 
fabric speeds of 10 and 15 yd/min, giving exposure 
times of 40 and 27 s, respectively. 

Changes in AEG content of yarns heated for 
5 min at 100—185°C are shown in Fig. 4. 

These results illustrate the marked decrease in 
AEG content that occurs when nylon 6.6 is heated 
in air at high temperatures or for fairly long times. 


Effect on Dyeing 

Samples of the locknit fabrics set on the hot-air 
stenter together with samples of the grey scoured 
and steam-set (25 lb/in? gauge) fabrics, were dyed 
with the following dyes. 

(a) 1% Durazol Blue 2R (C.I. Direct Blue 71), at 
the boil. This dye is very sensitive to both 
physical and chemical variations in nylon 
yarns. 

(b) 1% Solway Blue BN (C.I. Acid Blue 45), at 
the boil. This dye is sensitive to chemical 
variation but relatively insensitive to varia- 
tions in physical structure. 

(c) 1% Irgalan Grey BL (C.1. Acid Black 58), at 

the boil. This is a neutral-dyeing 1:2 meta)- 
complex dye which is very sensitive to physical 
variations but only slightly sensitive to 
chemical variations. 
2% Duranol Brilliant Blue BN (C.1. Disperse 
Blue 3), at 60 and 85°C. At 85°C this disperse 
dye is insensitive to both physical and chemical 
variations in nylon yarns but at 60°C it 
becomes sensitive to variations in physical 
structure. 

Each series was visually examined for depth of 
dyeing and for stripiness. The overall picture which 
emerged was as follows. 

Dry-heat setting with stenter air temperatures 
up to about 440°F (ca. 227°C) reduced the rate of 
dyeing relative to that of the unset fabric with 
dyes sensitive to physical variations in yarn and 
with dyes sensitive to amine end-group content. 

The assessment of the dyed fabrics is rendered 
difficult by differences in depth of dyeing between 
the pieces; however, with the very sensitive dyes 
chosen to accentuate the variations the overall 
pattern of stripiness remains the same. 

Laboratory measurements of rates of dyeing with 
Chlorazol Violet R and Irgalan Red 3G were used 
to determine the effects of heating for 5 min in air 
or nitrogen at 100-185°C. The standardised 
determinations of rate of dyeing, based on measure- 
ments of the optical density of phenol—water 
solutions of the dyed yarns will not be detailed here. 
The results, expressed as dye content (or rate of 
dyeing) of the set yarn relative to that of the unset 
control yarn are shown in Fig. 4, together with 
AEG values for the yarns heated in air. They 
illustrate the marked drop in rate of dyeing of 
nylon yarns on heating in air at 120-185°C. 

The effect on the absorption of 1:2 metal- 
complex dyes of heating nylon 6.6 yarns in air 
at temperatures approaching the melting point 
(265°C) is illustrated in Fig. 5, which shows the 
rate of absorption of Irgalan Grey BL by false- 
twist crimped yarns processed on a Scragg CS2 
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09 machine from 70/34/}Z yarn. These results are very 
similar to those obtained by H.A.T.R.A. workers 
using Cibalan Blue BRL (C.1. Acid Blue 170) *. The 
rate of dyeing with the metal-complex dyes, which 
are sensitive to variations in the physical structure 
of yarns, first decreased with increasing tempera- 
ture to a minimum corresponding to an indicated 
heater temperature of about 230°C (445°F) and 
then rose at higher temperatures. The indicated 
temperature giving the minimum rate of dyeing 
will depend on processing conditions. When the 
false-twist yarns were subsequently steamed at 
25 lb/in? gauge pressure, the dyeing rate decreased 
steadily from an initial high value as the heater 
temperature increased*. 

The existence of a minimum in the rate of dyeing 
curve of nylon with 1:2 metal-complex dyes as a 
function of setting temperature has also been 
noted in the hot-air setting of fabric woven from 
60/20 Type 100 yarn. Results for the uptake of 
Irgalan Grey BL by fabric set under relaxed 
conditions in air at 180-225°C with exposure 
times of 20, 30, or 60s are given in Fig. 6. The 
setting temperature giving the minimum dyeing 
rate decreases as the exposure time increases. 
Slightly modified curves were obtained for fabrics 
set under either fixed dimensions or fixed tension; 
for simplicity they are not represented in Fig. 6. 


Indicated heater temperature, °F STEAM-SETTING OF NYLON 6.6 
O Dyed after knitting and preboarding in 25 Ib/in® steam Preliminary work had already shown the 
@ Dyed shor knicting important effect of steam temperature and pressure 
Fig. 5— Effect of twist-setting temperature on rate of on the dyeing rate of nylon yarns and fabrics. The 
—-" ae influence of various factors in steam setting was 
studied more fully in laboratory investigations. 


Apparatus and Steam-setting Procedure 

The laboratory apparatus (Fig. 7) was designed 
to permit variations in steam-setting conditions. 
It included a boiler capable of supplying steam at 
pressures of up to 100 lb/in? gauge. The setting 
chamber itself was essentially a stainless steel 
cylindrical tank of internal diameter 6 in. with an 
internal depth of 15 in. Samples were suspended 


| 
} from the quick-release lid which was fitted with a 
/ calibrated Rototherm thermometer. Superheated 


steam was obtained by the combined operation of a 
throttle valve and an electrically heated super- 
heater coil. 

A low-twist drawn yarn was used in all the 
laboratory work. The yarn in hank form was easily 
accessible to the steam. 

To compensate for any variability in the rate-of- 
dyeing test, two control yarns were always dyed 
with the samples under investigation. The first 
was a representative sample of the unset yarn, 
and the second a standard sample from a large 
batch of yarn steam-set as follows— (a) steam 
chamber heated at 80°C, evacuated (75-cm 
Hg vacuum) for 5min, (6) saturated steam 
ri 1 1 Ss 4 admitted to 25 lb/in? gauge pressure for 5 min, (c) 
180 190 200 210 220 steam pressure released to atmospheric in 30 s, and 

Setting temperature, °C (d) yarn quickly removed from chamber, stored, 
Exposure time— © 20s (30s ©@ 60s and conditioned at 20°C and 65%, r.h. 


\ 
° 


° 
3 


Dyeing rate relative to that of unset fabric 


Nay 


Fig, 6— Effect of dry-heat setting temperature on rate of * Further work has shown this statement to be incorrect— see Dis- 
absorption of Irgalan Grey BL by nylon 6.6 fabric cussion, first contribution by Mr. Jaeckel and authors’ reply. 
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Fie. 7— Steam-setting apparatus 


Rates of dyeing with Chlorazol Violet R and 
Irgalan Red 3G were measured on triplicate 0-1-g 
samples conditioned at 20°C and 65% r.h. before 
being scoured in 1% aqueous Dispersol VL at 
65-70°C for 30 min and equilibrated in de-ionised 
water at 85°C just before being dyed. Relative 
dyeing rates have been expressed to the nearest 
0-05. 


Effects of Water Content of Yarn and Steam 
and of Holding Time in Steam 

Yarns were pre-treated for 3 days at room 
temperatures under conditions varying from a 
P,O,-dry evacuated atmosphere to 90% r.h. and 
the yarns were then set under standard conditions 
(saturated steam at 25 lb/in? gauge pressure). All 
the set yarns had the same dyeing rate. Yarn 
actually containing an excess of water before setting 
had a higher (20%) dyeing rate than the standard 
set control yarn after setting. 

The wetness of the steam was increased by 
removing the heating and lagging of the steam- 
setting chamber. It no influence on the rate 
of dyeing with Chlorazol Violet R of yarns set in 
either 25 or 50 lb/in* gauge steam. Identical effects 
on rates of dyeing were given by static and flowing 
steam conditions at given pressures. Variations of 
the holding time in steam from 2 to 30 min at either 
gauge pressure had no significant influence on the 


dyeing rate. 
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Effect of Preheat Conditions 

Preheat Temperature and Preheating Time 

The effect was investigated of preheating 
yarns for 5min at 60-120°C under 75-cm Hg 
vacuum, and then setting for a further 5 min 
in saturated steam of 25 lb/in? gauge pressure, 
the steam pressure being reduced to atmospheric 
within 20-30s. The dyeing rates were measured 
relative to that of yarn pretreated at 80°C in 75-cm 
Hz vacuum for 5 min and set in saturated steam at 
a gauge pressure of 25 lb/in® for a further 5 min. 
Results are given in Table IT. 


Taste Il 


Effect of Preheat Temperature on Rate of Dyeing 
of Steam-set Nylon 6.6 Yarns 


Preheat temp. 
°C 


Relative rate of dyeing in 
Chlorazol Violet R Irgalan Red 3G 
(75-em Hg vacuum) 

60 
80 
100 
110 
120 


Preheat temperature has a marked influence on 
the dyeing rate of steam-set nylon yarn, increase 
in preheat temperature giving a decreased dyeing 
rate; the effect is more marked for Chlorazol Violet 
R than for Irgalan Red 3G. 

Variation of preheating time from 3 to 30 min at 
a given preheat temperature had no significant 
influence on dyeing rates. 


Residual Air in Steam-setting Chamber 


The work on hot-air setting of nylon yarns had 
shown that the dyeing rate can be reduced by 
heating in air even at temperatures as low as 100°C. 
Incomplete evacuation of a steam-setting cabinet 
may therefore result in a lower rate of dyeing than 
would otherwise have been obtained. The effects 
of residual air in the steam-setting cabinet and of 
preheating temperatures were therefore investi- 
gated. 

A series of experiments was carried out in which 
air was deliberately left in the cabinet by using 
different degrees of evacuation before admitting 
steam to give a total pressure of 25 Ib/in? gauge. in 
one case air under a pressure of 10 lb/in? gauge was 
introduced. A preheat temperature of 110°C was 
used with a holding time of 3 min before introduc- 
tion of the steam. Table ITI lists the rates of dyeing 
of the set yarns with Chlorazol Violet R relative 
to that of the standard steam-set control yarn. 


III 
Effect of Residual Air in Steam-setting on 
Dyeing Rate of Nylon 6.6 Yarns 
Residual air pressure Steamtemp. Relative rate of 
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Incomplete evacuation of the steam-setting 
cabinet during preheating results in a lower maxi- 
mum steam-setting temperature and a reduction 
in the rate of dyeing of the steam-set yarns. 


Effect of Saturated Steam Pressure 


Samples of yarn were set in saturated flowing 
steam at pressures of up to 60 Ib/in® gauge. Pre- 
heat conditions were 80°C for 5 min under 75-cm 
Hg vacuum, and the steam pressure.was reduced 
to atmospheric in 30s. Only slight changes in 
amine end-group content were produced by steam 
setting (Table IV). 


Taste IV 
AEG Content of Steam-set Yarns 
Steam pressure AEG 
(Ib/in?) equiv/g) 

0 39-8 

25 39-7 

35 39-6 

50 39-5 

60 39-1 


The slight decrease with increased pressure is 
probably due to slight oxidation at higher tem- 
peratures caused by residual air (ca. l-em Hg 
pressure) in the steam chamber. 

The effects of the pressure of the saturated steam 
on the rate of dyeing are shown in Fig. 8. The 
trends for Chlorazol Violet R and Irgalan Red 3G 
are almost identical. Yarn set at 50 lb/in? gauge 
attained 85°, saturation with Chlorazol Violet R 
after dyeing for 1 h at 85°C. 

Variation in the rate of release of steam pressure 
and in the time allowed for the apparatus to cool 
to zero gauge pressure had very little effect on 


Steam pressure, Ib/in® gauge 


10 20 30 50 60 
| } 
28 20} 


@ irgaian Red 3G © Chlorazol Violet R 


Fi6. 8— Effect of pressure of saturated steam on rate of 
dyeing of nylon 6.6 yarns 


the rate of dyeing with Irgalan Red 3G, but 
variable results were obtained with Chlorazol 
Violet R. 


Effect of Superheated Steam 

Yarns were pretreated in 75-cm Hg vacuum at 
80°C for 5 min and subjected for a further 5 min 
to a continuous flow of steam at 25 or 35 lb/in® 
gauge pressure and with various degrees of super- 
heating. Equilibrium steam temperatures were 
attained quickly at the lower degrees of super- 
heating but only slowly at the higher ones. The 
steam pressure was released in 20-30s. The 
amine end-group content of the yarns was practi- 
cally unchanged even after holding times of up to 
30 min in superheated steam. The rates of dyeing 
are given in Table V. 

Use of superheated steam reduced the dyeing rate 
relative to that realised in saturated steam. In 
extreme cases, e.g. ca. 50 deg. C superheat at 25 
Ib/in? steam pressure, the dyeing rate of the set 
yarn was less than that of the unset yarn. 

There was no evidence of hydrolysis or degrada- 
tion of the yarn during setting in superheated 
steam. Variation of holding time in superheated 
steam from 5 to 30 min produced no change in 
dyeing behaviour. 


Variations of Steam-setting Procedure 

Repeat Steam Cycles 

Samples were treated under vacuum (75-cm Hg) 
at 80°C for 5 min and then exposed to repeated 
cycles of vacuum (5 min) and saturated steam 
(5 min) of 10, 15, 20, and 25 Ib/in®? gauge pressure, 
followed by pressure release over 20-30 s. Further 
samples were similarly treated in steam pressure 
cycles of 10, 20, 30, and 35 Ib/in?. All the yarns 
were then conditioned and the rates of dyeing with 
Chlorazol Violet R measured (Table VI). 


Yarns to which steam is freely accessible have, 
when set in repeated cycles of vacuum and pressure 
steam, a lower rate of dyeing than when set by a 
single treatment in steam at the maximum 
pressure. 


Hot Air—Saturated Steam Setting 

Skeins of yarn were set for 5 and 15 min in air at 
130°C, then subjected to the standard heat- 
setting treatment of 5 min preheat under vacuum 
(75-em Hg) at 80°C and 5 min in saturated steam 
at 25 Ib/in* gauge. After conditioning, the rates of 


Taste V 
Effect of Superheated Steam on Rate of Dyeing of Nylon 6.6 Yarn 


Steam properties 


Pressure Temp. Deg. C 
(Ib/in? gauge) (°C) superheat 
25 130 0 
132 2 
150 20 
185 55 
205 75 
35 138 0 
150 12 
173 35 


Relative rate of dyeing of yarn with 


Chlorazol Violet R Irgalan Red 3G 

1-00 1-00 
0-90 0-85 
0-35 0-30 
0-25 

-- 0-30 

1-35 
0-55 
0-35 — 
0-30 0-35 


BA 
fi 
‘ 
Bil 
#4 
‘= 
i 
iy 
Steam temperature, °C 
of 
— 
“4 
Unset yarn 


Dec. 1961 


Peters anp WuitE— EFFECT OF HEAT-SETTING ON DYEING BEHAVIOUR OF NYLON 


Taste VI 


Rate of Dyeing of Nylon 6.6 Yarns Set under Repeated Cycles of 
Vacuum and Pressure-steam 


Max. steam 
pressure 
(Ib/in*) Normal 


setting 


25 1-00 
35 1-35 


10, 15, 20, 25 


Relative rate of dyeing 
(compared with standard steam-set control) 


Repeated cycles at 
Ib/in® Ib/in® 
10, 20, 30, 35 
0-85 
1-15 


Taste VII 
Rate of Dyeing of Nylon 6.6 Drawn Yarn Heated in Air and then Set in Saturated Steam 


‘Treatment 
(I) (11) 
None 

25 Ib/in? saturated steam 
Air at 130°C, 5 min — 
Air at 130°C, 5 min 25 Ib/in* saturated steam 
Air at 130°C, 15 min -- 
Air at 130°C, 15 min 25 Ib/in? saturated steam 


dyeing and AEG contents of all samples were 
measured (Table VII). 

The rate of dyeing of yarn set in air at 130°C, 
followed by saturated steam, is greater than that of 
yarn set in air alone, but is lower than that of yarn 
set in saturated steam alone. 


Saturated Steam—Supersaturated Steam Setting 

Yarns were preheated at 75-cm Hg vacuum for 
5 min at 80°C and then set in saturated steam at 
25 Ib/in? gauge pressure for 5 min. Pressure was 
then quickly reduced to give various superheat 
conditions to which the yarns were exposed for a 
further 2 min before pressure was released com- 
pletely. 

Further samples were preheated as before, and 
then exposed for 2 min to superheated steam at 
5 lb/in? gauge pressure and various degrees of 
superheat. Finally, the yarns were subjected to 
saturated steam at 25lb/in? gauge pressure for 
5min before the pressure was reduced to 
atmospheric over 20-30 s. 

The samples were conditioned and the rates of 
dyeing with Chlorazol Violet R (Table VIII) and 
Irgalan Red 3G (Table IX) measured. 


AEG 
(m equiv/g) 
39-8 
39-7 
39-5 
39-3 
38-8 
38-3 


Relative rate of dyeing with 
Chlorazol Violet R Irgalan Red 3G 
0-35 
1-00 
0-30 
0-85 
0-25 
0-80 


Treatment of nylon yarn in superheated steam 
after setting in saturated steam results in the rate 
of dyeing being decreased relative to that of yarn 
set in saturated steam only. 


Discussion and Conclusion 
GENERAL 


The measurements of dyeing rate were intended 
to be relevant to dye uptake in the early stages of 
normal commercial dyeing, the dyes chosen being 
especially sensitive to differences in physical 
structure. These results obtained with nylon 6.6 
yarns have been combined with published data on 
both nylon 6 and nylon 6.6 to give the summary 
(Fig. 9) illustrating the general influence of tem- 
perature of setting in air or saturated steam on 
the rate of dyeing with acid, disperse, and neutral- 
dyeing metal-complex dyes. Nylon 6 melts at 
220-230°C and the portions of the dry-heat-setting 
curves at higher temperatures refer only to 
nylon 6.6. Notable general features of the 
results are— 


(a) the difference in the effects produced by dry 
heat, e.g. hot air or superheated steam, on the 


Taste VIII 
Rate of Dyeing of Set Nylon 6.6 Yarns with Chlorazol Violet R 


Setting treatment 
(I) 
25 Ib/in*® saturated steam, 5 min 
25 Ib/in® saturated steam, 2 min 
25 Ib/in®? saturated steam, 5 min 
25 Ib/in® saturated steam, 5 min 
5 Ib/in*® steam, 7 deg. C superheat, 2 min 
5 Ib/in? steam, 10 deg. C superheat, 2 min 


Relative dyeing rate 
(IT) 


25 Ib/in* saturated steam, 5 min 
5 Ib/in® steam, 2 deg. C superheat, 2 min 
5 Ib/in® steam, 14 deg. C superheat, 2 min 
25 Ib/in® saturated steam, 5 min 
25 Ib/in*® saturated steam, 5 min 


Taste IX 
Rate of Dyeing of Set Nylon 6.6 Yarns with Irgalan Red 3G 


a Setting treatment 
) 

25 Ib/in*? saturated steam, 5 min 
25 Ib/in® saturated steam, 5 min 
25 Ib/in® saturated steam, 5 min 
25 Ib/in® saturated steam, 5 min 


(II) 


14 Ib/in* steam, 1 deg. C superheat, 2 min 
9 lb/in* steam, 2 deg. C superheat, 2 min 
6 Ib/in? steam, 6 deg. C superheat, 2 min 


0-90 
0-75 
1-00 
1-00 
see Relative dyeing rate 
Phe = 
1-00 
0-85 
0-85 
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Dye class 
dry heat 


Setting treatment 


L L 
200 


100 
Temp., °C 


100 
Temp., °C 


Fie. 9— Effect of setting on rate of dyeing of nylon yarns 


one hand and saturated steam on the other, 
and 

(b) the similar effects produced by a particular 
heat-setting process on the rates of dyeing 
with all three classes of dye. 

The actual effects produced in a particular heat- 
setting process will depend on the conditions of 
heat transfer and steam penetration; tensions 
developed in the yarn during setting will also have 
an influence, tending to reduce dyeing rates. The 
yarns in the present experiments were steam-set 
under relaxed conditions with free access of steam. 

Heating in air results in a decrease in the 
equilibrium uptake of acid, disperse, and metal- 
complex dyes. The dyeing rate generally decreases 
to a minimum at setting temperatures of about 
200°C. Heating above about 200°C results in the 
dyeing rate increasing again. At these tempera- 
tures there is an increasing tendency for structural 
changes to occur before actual fusion of the 
polyamide. 

Setting in saturated steam increases the dyeing 
rate with the three classes of dyes; the effect with 


acid and metal-complex dyes is proportional to 
steam pressure or is proportionately greater at 
higher temperatures, whilst with disperse dyes the 
effect is greatest at the lower steam temperatures. 
Steam setting has little or no effect on the equili- 
brium uptake of acid dyes. The slight reductions 
noted are probably due to the small decrease in 
amine end-group content through oxidation by 
small quantities of residual air in the steam- 
setting vessel We do not with the 
conclusions of the Japanese workers '’~'® that the 
decrease in equilibrium acid dye uptake is caused 
by a masking effect on amine end-groups by 
additional crystallisation induced by the setting 
treatment. The equilibrium uptake of metal- 
complex dyes is increased slightly by setting in 
saturated steam. 

Superheated steam reduces the dyeing rate and 
has been classed with dry heat or heated liquid 
metals as giving non-swelling heat-setting 
conditions ?. 

If a given heat-setting treatment alters the 
equilibrium uptake of a dye, then differences in 


4 
23 saturated steam 
> 
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100 200 100 
Temp., °C Temp., °C ae 
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X 
Effect of Setting on the Dyeing Behaviour of Nylon Yarns 


Dye class 


Acid 
Disperse 
Metal-complex 


Hot-air setting (dry heat) 
Co Ra D 
decrease decrease 
decrease decrease 
decrease 


decrease 
decrease 
decrease 


dyeing caused by variations in heat setting cannot 
be eliminated by prolonged dyeing. Although 
theoretically it should be possible to obtain level 
dyeing of yarns which differ only in rates of dyeing, 
in commercial practice this may not be feasible. 
Table X summarises the effects of hot-air (180— 
200°C) and saturated-steam (e.g., 25% lb/in® gauge) 
setting on the equilibrium uptake (C.), rate of dye 
uptake (R,), and diffusion coefficient within the 
fibre (D) for the three classes of dye. 


Steam setting not only confers stable dimensional 
and mechanical properties on nylon yarns and 
fabrics; it increases the dyeing rates and does not 
degrade or discolour the nylon. It is, however, 
currently more difficult to carry out than dry-heat 
setting and gives no control over fabric dimensions. 


A temperature of 130°C has been suggested as 
the optimum temperature for setting in steam and 
temperatures of 190 + 2°C and 225+ 8°C for 
dry-heat setting of nylon 6 and 6.6, respectively ’. 


PRACTICAL IMPLICATIONS 
Dry-heat Setting in Air 
The main points of practical importance may be 
summarised. 


1. Heating nylon yarns or fabrics under 
normal industrial conditions (180—220°C for nylon 
6.6 fabrics or 200-230°C for false-twist processes) 
causes an appreciable decrease in dyeing rate 
and of amine end-group content. Variation of 
1 deg. C in setting temperature can produce 
differences of about 1°, in dyeing rate. Control of 
setting temperature, setting time, and heat-transfer 
conditions are especially important. These are 
obviously important points to consider in machine 
design. 

2. Prolonged heating at 110—140°C, tempera- 
tures often used for drying yarns and fabrics, 
causes appreciable differences in dyeing rate. The 
effects are noticeable for heating times of 5 min. 


3. Although dry-heat setting alters the 
dyeing rate and equilibrium uptake, the general 
level of stripiness in a fabric dyed with sensitive 
dyes remains unaltered. This is independent of 
whether or not the original stripiness is due to 
chemical or physical differences in the yarn. 


Steam Setting 

Steam setting in a cabinet in fact consists in a 
dry-heat setting during preheating and evacuation 
and a wet-heat setting on introduction of saturated 
(or wet) steam. If subsequent conditions cause the 
steam to become superheated (or dry), the effects 
of another dry-heat setting are introduced. 
Variations in the efficacies of the two types of 
setting can therefore produce marked variations in 
dyeing properties. 


slight increase 


Saturated-steam setting 
Ca Ra 
little or no change increase 
increase increase 
slight increase increase 


increase 
increase 


The main factors that appear likely to cause 
dyeing differences are discussed below. 


Preheat Conditions 

1. Although the wetness of the steam or the 
moisture content of the yarn has little or no effect, 
the presence of excess of water in the material has 
the same effect on dyeing rate as steam setting at a 
temperature 10 deg. C higher. Materials should 
therefore not be wet in patches before being set. 

2. Preheating before steam setting lowers the 
dyeing rate but is necessary to prevent excessive 
condensation of steam and is inevitable with large 
cabinets in continual use. It is desirable to aim at 
a fixed preheat temperature. 

3. The presence of residual air in the setting 
cabinet is the most common cause of deficiencies in 
the physical properties of yarn and fabric’ **. It 
lowers the setting temperature and causes oxida- 
tion; both effects give a lower dyeing rate than 
would otherwise have been produced. The adverse 
effects of residual air in pressure-steam cabinets in 
reducing the ultimate steam temperature at a given 
pressure, prolonging the time taken to reach this 
temperature, causing temperature variations within 
the cabinet, adversely affecting steam penetration 
into packages, and decreasing the rate of heat 
transfer to materials in the cabinet, have been 
usefully discussed in a monograph on the sterilisa- 
tion of surgical materials®. Fourné has suggested ” 
that the maximum permissible oxygen concentra- 
tion in the steam during setting should be 1%. 


Steaming Conditions 

1. Dyeing rate increases linearly with pres- 
sure; a three-fold increase in dyeing rate is pro- 
duced by setting in steam of 25 lb/in® gauge. The 
rate of increase of dyeing rate is about 4°/, per lb/in* 
or 5% per deg. C. Significant differences in depth of 
dyeing of set nylon yarns and fabrics can be 
produced by differences of 2 lb/in* in the pressure 
of saturated steam. The importance of accurate 
temperature control during steam setting has been 
emphasised by several authors * ™ 1. 

2. Superheated steam markedly reduces dye- 
ing rate, and any conditions liable to give uneven 
superheating, e.g. rapid release of pressure with 
continued high temperature, can easily lead to 
uneven dyeing throughout a batch. 

3. Uniform penetration of steam into a fairly 
large batch of material presents difficulties. 
Procedures using repeated steaming cycles with the 
precaution of temperature recording at the centre 
of the load have been described * ’. 

These considerations emphasise the need to 
ensure that all commercial heat treatments of 
nylon yarns and fabrics are controlled and kept as 
uniform as possible. 
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POLYAMIDE STRUCTURE AND THE MECHANISM 
OF DYE DIFFUSION 

The physical structure generally accepted for 

lyamides is that of a semi-crystalline solid in 
which the ordered regions are com of parallel 
segments of polyamide chains held together 
through hydrogen bonding or electrostatic inter- 
action between the amide groups**. Amorphous 
regions are composed of randomly disposed seg- 
ments of the polyamide chains which are capable of 
a considerable degree of rotation unless they inter- 
act with one another. Portions of a given 
polyamide chain may be involved in three-dimen- 
sional order in crystalline regions whilst other 
portions pass through less well-ordered and com- 
pletely amorphous regions. Intermediate states of 
order between crystalline and completely 
amorphous regions with randomly directed mole- 
cular chains are believed to exist**. In these 
intermediate states of order the chains may be 

rallel over a considerable portion of their length, 
ut each molecule can have any orientation around 
the chain axis and this orientation need not be 
related in any way to that of neighbouring chains. 
In this discussion the term ‘order’ is used to 
denote the extent to which parts of the polyamide 
chains lie parallel to and interact with one another 
to give a repeated sequence of molecular structure. 
When molecular structure sequences are repro- 
duced in three dimensions the material is a true 
crystal. 

The cold-drawing process results in a slight 
reduction in moisture regain *. * (e.g., 4-5 to 43% 
for nylon 6.6 at room temp. and 65%, r.h.), which 
would imply an increase in degree of total order 
although the overall density is only slightly 
increased *.%, This is probably explained by the 
increase in crystallinity and formation of voids 
during cold-drawing *. 

Irreversible dimensional changes in cold-drawn 
polyamide yarns occur on heating or treatment 
with swelling agents *.**, These treatments would 
tend to weaken amide—amide interactions and per- 
mit increased rotation of chain segments. Move- 
ment of chain molecules in the completely amor- 
phous and partially ordered regions would occur 
to give randomly disposed chains and the system 
would tend to a state of lower free energy. On 
cooling or removal of the swelling treatment, new 
amide—amide interactions may be formed *: 5%, The 
density of cold-drawn nylon filaments is increased 
by dry-heat treatment or steam setting” . 

The amount of moisture sorbed by polyamides 
at a given temperature increases with relative 
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humidity *-*, This sorption is assumed to occur 
at free amide sites in the amorphous regions, and 
the extent of sorption is believed to be proportional 
to the amorphous content of the polymer 
The crystalline regions are generally believed to be 
inaccessible to moisture. 

It has been calculated that only 6°%, of the amide 
groups of normal cold-drawn nylon 6.6 are available 
as sorption sites for water **. The remainder are 
bound to other amide groups. From evidence of 
the moisture sorption, density, and swelling 
properties of nylon 6.6 filaments, it has been 
calculated that 65°, of the total fibre is non- 
crystalline and 12%, of the fibre volume occupied 
by the non-crystalline region may be considered 
to be voids*. The fact that the greater proportion 
of space in nylon 6.6 filaments remains inaccessible 
to moisture even in saturated humidities led to 
speculation of possible arrangements of molecular 
chains which, without having a crystalline con- 
figuration, are unavailable as sorption sites for 
small molecules or result in effective barriers to 
diffusion. 

There are no reliable data available for the mois- 
ture content of nylon fibres in pressure-steam. 
Parks ** has quoted a moisture content of 7-54°% 
for nylon 6.6 yarn in steam at atmospheric pressure. 
Jeffries ® concluded from his results at 120°C and 
150°C that there is a decrease in moisture sorbed 
by nylon 6.6 yarns in steam with increase in 
saturated steam temperature (and therefore pres- 
sure), but it is not clear whether the large increase 
in steam density with temperature has been taken 
into account in calculating the results. 

Nylon yarn set in dry heat behaves differently in 
dyeing from yarn set in saturated steam or in hot 
water. A similar effect on phenol sorption has been 
observed @. 3 and it has been concluded that 
during dry-heat setting the molecular chains 
assume configurations that are different from those 
obtained when molecules of water are present. 
Pokrovskii and Pakshver™ concluded that the 
significant difference in macrostructure of steamed 
nylon 6 was due to the breakdown of an oriented 
skin and the formation of molecular pores. Their 
results show an increased overall density for 
nylon 6 steam-set at 140°C, but they assumed the 
development of porosity and decreased density in 
amorphous regions. 

We have summarised in Table XI the effects of 
heating in air and in saturated steam on some 
properties relevant to the fine structure of nylon 6 
and 6.6 yarns; the section dealing with the effect of 
dry heat at 250°C applies only to nylon 6.6. The 


Taste XI 
Effect of Setting Treatment on Properties of Cold-drawn Nylon Yarns 


Yarn property 
180-220°C 


AEG concen. 
density 

moisture regain 
phenol sorption 
optical birefringence 
erystallinity (X-ray) 
orientation (X-ray) 


Heating 


Heating in 
saturated steam 


in air 

240-250°C 

(nylon 6.6) 
decrease 
increase 
decrease 
decrease 
decrease 


decrease 


little or no change 
increase 
increase 
increase 
decrease 
increase 


decrease 
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decrease 
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decrease 
increase 
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undrawn yarn 


(b) drawn yarn 


(d) dry-heat set, 240-250°C (nylon 6.6) 


(e) saturated-steam set 


crystalline, three-dimensional order 


= intermediate states of order 


Fig. 10— Schematic representation of fine structure of nylon yarns 


differences in the properties listed in the table 
again indicate that different physical structures are 
produced in the yarn by the two types of heat 
setting. 

Consideration of these effects lead us to propose 
that the fine structure of polyamide yarns may be 
represented as shown in Fig. 10. The undrawn yarn 
(Fig. 10a) consists of approx. 30%, crystalline 
material and about 5%, completely amorphous 
material, the remainder having intermediate states 
of order. All the structural units are randomly 


disposed. Cold-drawing results in the alignment of 
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the structural units along the fibre axis with the 
creation of voids. A slight decrease in crystallinity 
occurs but there is an increase in the proportion 
of material having intermediate states of order 
(Fig. 106). On being heat set in air at temperatures 
around 200°C the polyamide chains attain increased 
mobility. At temperatures above 140°C moisture is 
rapidly desorbed from the polyamide“ and the 
formation of new amide-amide interactions can 
occur comparatively unhindered by the presence of 
water molecules when the segments of two parallel 
chains come into close proximity. In this way a 
slight increase in the total order in the structure 
occurs and the number of amide groups available 
for the sorption of water, phenol, etc. is diminished. 
At temperatures of about 200°C the rotational 
energy of molecular segments not bonded to one 
another is sufficient to permit the chains to attain 
a random coil configuration having the lowest 
entropy state, and this will introduce contractive 
forces in the structure. At the same time this 
temperature is not sufficiently high to cause 
extensive rupture of the partly and fully ordered 
regions. The result is a slight increase in orienta- 
tion of the ordered regions with disorientation of 
the amorphous regions (Fig. 10c) when the fibre is 
under tension during dry-heat setting. 


At higher temperatures, the partly ordered 
regions undergo a form of melting, but the dis- 
sociated molecular chains rapidly form stable 
crystal structures. In this transition, disorientation 
occurs. The occurrence of two distinct thermal 
transitions in the melting process of drawn yarns 
of many of the crystalline polymers has been 
previously reported®. The resultant structure is 
represented in Fig. 10d. 


In the case of steam setting we consider that 
increased amounts of water penetrate the yarn as 
the steam pressure increases. The linear relation 
between rate of dye uptake for both acid and metal- 
complex dyes and saturated steam pressure sug- 
gests that the change in physical structure is 
proportional to the moisture content of the yarn, 
which we would expect to be proportional to steam 
pressure. The combined effect of temperature and 
presence of water molecules increasingly breaks up 
the regions with only low degrees of order, and a 
high proportion of polymer chains attains random 
coil configuration, causing a decrease in volume, 
elimination of voids, and marked disorientation of 
the amorphous regions. At the same time there is 
an increase in the amount of crystalline material 
and a decrease in the orientation of the crystalline 
regions. The presence of large quantities of sorbed 
water prevents the newly formed “amorphous” 
regions associating to give partly ordered 
structures. The type of structure envisaged is 
represented diagrammatically in Fig. le. At 
steam pressures of about 90-100J]b/in® gauge, 
nylon 6.6 fuses at 165-170°C, which is about 100 
deg. C below the normal melting range. 


In superheated (or unsaturated) steam the yarn 
will lose moisture to the atmosphere and the effect 
attained will then tend towards that given by 
dry-heat setting. We would thus expect the 
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effects of saturated and superheated steam to be 
reversible and the final effect to depend mainly on 
the final treatment given to the fibre. This is borne 
out by the results given in Tables VIII and IX. 

The sorption sites for disperse dyes are believed 
to be the available amide groups *°. These dyes are 
sensitive to the degree of order but generally 
insensitive to Disperse dyes 
cannot easily penetrate spherulitic regions, and 
there is an inverse relation between the uptake of 
Duranol Brilliant Blue BN (C.I. Disperse Blue 3) 
and the visible spherulite content. Annealing un- 
drawn nylon yarn at 230°C causes a decrease 
in uptake of this dye, but there may be no detect- 
able change in number, size, or character of the 
visible spherulitic regions, and X-ray analysis 
does not reveal any increase in the extent of three- 
dimensional crystalline order“. This could be 
explained by the increase in the intermediate 
states of order. The effects of dry-heat and steam 
setting of nylon yarns on the uptake of disperse 
dyes (Table X) are in keeping with the view that 
free amide groups provide the final dyeing sites 
and are concerned in dye-transfer mechanism. 

The sorption of anionic dyes is largely governed 
by the concentration of amine end-groups, but 
the amide groups are thought also to be involved 
when “‘over-dyeing”’ conditions are employed. The 
effects of dry heat (air and superheated steam) and 
saturated steam can be explained if it is assumed 
that both the number of available amide groups and 
the degree of orientation control the diffusion of 
these dyes. 

Rough calculations, using the data of Fig. 1, of 
the effect of heat setting on the diffusion coefficient 
of the 1:2 metal-complex dye within the fibre 
indicated that it was increased after both heat- 
setting treatments. This isolated result is somewhat 
surprising for dry-heat setting and requires further 
investigation. We are currently investigating the 
mechanism of the dyeing of nylon with pre- 
metallised dyes; Zollinger has already published 
several papers on this topic and it is clear that 
several mechanisms may be involved. 


* * * 


Much of the experimenta] work in this paper 
was carried out by our colleagues, Dr. M. C. Cobb, 
Mr. 8S. C. Cox, Mr. M. V. Forward, and Mr. R. L. 
Jones. 
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Discussion 


Mr. 8. M. Jancxet: My colleague Mr. D. A. 
Bampton and I at the Hosiery and Allied Trades 
Research Association (HATRA) have been working 
on similar lines for some years, and the authors 
have indeed mentioned some of our work on p. 601 
(Nov 1958; published Jan 1961) and in reference 
16. More recent work was disclosed by us in a 
lecture delivered to the Midlands S ction of the 
Society on April 13th. 

In view of our work we should like to comment 
on the paper. Our results, although on the whole 


similar qualitatively, differ in several ways quantita- 
tively from those of the BNS workers. We used dif- 
ferent dyes and different dyeing conditions, so that 
it is not surprising that somewhat different results 
were obtained. However, mention of the differences 
is, we feel, important, as a warning of the dangers of 
generalising quantitatively from one dye to another. 

I shall comment briefly on the false-twist dry- 
heat-setting woik, Mr. Bampton will comment on 
the steam-setting work, and I shall follow with a 
short final remark. 
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In Fig. 5, the minima on the lower false-twisted- 
only curve are dependent on processing conditions; 
BNS used Irgalan Grey BL and a Scragg CS2 
heater; we used 2% of Cibalan Blue BRL 
(C.I. Acid Blue 170) (dyed at 60°C for Lh at a 
liquor ratio of 44:1) and a Scragg CSI heater: our 
minimum is rather lower than the authors’. 

Secondly, absolute values of dye uptake, 
according to Fig. 5, are very different, those found 
at HATRA being about 20 times those found at 
BNS, presumably under different dyeing con- 
ditions. 

Thirdly, the dye uptake ranges found at HATRA 
are much greater: where temperature overlaps in 
the work are fairly complete, i.e. in the region 
198-250°C (388-482°F), if the dye uptake at 250°C 
is put equal to 100, then the BNS range (lower, 
false-twist-only curve, Fig. 5) is 10%, whereas the 
lowest range found at HATRA * is 26%. 

Fourthly, a most important point. The effect 
of steaming after false-twisting (cf. higher curve, 
fig. 5) under our conditions is definitely not a steady 
decrease in dye uptake from an initial high value 
as the false-twist heater temperature rises. Of the 
steaming temperatures used by us after false- 
twisting, the nearest to the authors’ 25 |b/in® 
(=130-4°C) is 126°C. In this region of steaming 
temperature both we and the present authors 
obtained higher dye uptakes after steaming, but 
we found the dye uptake after steaming to be much 
higher for material false-twisted at 250°C than for 
material false-twisted at 198°C, unlike the results 
in the paper, but more in accord with the relevant 
samples demonstrated at the Symposium. Our 
dyeings were separate; if we dye differently false- 
twisted but similarly steamed samples together, we 
expect, and find, even bigger differences, owing to 
competition effects. 

One further point deserves stressing: under 
certain conditions of dyeing, with nearly complete 
exhaustion in separate dyeings, identical dye 
uptakes on differently false-twisted fabrics can be 
achieved: nevertheless, such fabric samples, con- 
taining exactly the same amount of dye, still look 
different, owing to physical optical effects. 
Although steaming lessens the visual difference, 
certainly for differences in false-twist heater 
temperatures of 50 deg. C, and frequently for much 
smaller differences, e.g. of 5 deg. C, the improve- 
ment is not adequate for commercial purposes. 

Mr. Perers: We agree with Mr. Jaeckel’s 
statement about the minimum in dye uptake 
obtained after steaming. Further work at BNS 
indicates that there is a minimum for all classes of 
dye; this minimum varies from dye to dye. 

We also have noticed that fabric samples con- 
taining the same amount of dye may look different 
and think the fact is of sufficient importance to 
warrant further investigation. 

Mr. D. A. Bampton: There are three comments 
on the steaming of flat yarn we would like to make: 
the first concerns aspects not brought out in the 
paper, the others quantitative differences. 

Firstly, using Cibalan Blue BRL at 60°C and 
dyeing samples in separate baths at a liquor ratio 
of 33:1, we found that dye uptake of fabric scoured 
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at 100°C is higher than that of fabric scoured at 
60°C. Further, steam setting at low temperatures, 
e.g. 110°C, considerably reduced dye uptake 
relative to that of fabric scoured at 60°C and even 
more so relative to that of fabric scoured at 100°C. 
In general, at steam-setting temperatures below 
120°C, dye uptake did not exceed that of fabric 
scoured at 60°C. Typical relative values obtained 
were 


Scouring Steaming 
temperature temperature 
(°C) (°C) 
60 100 110 115 125 135 
Dye uptake 100 118 76 88 Ill 143 


Similar effects were also shown with other classes 
of dye— Dispersol Fast Red R300 (C.I. Disperse 
Red 19) and Durazol Blue 2R (C.I. Direct Blue 71). 

Secondly, referring to Fig. 8 of the paper, our 
results with Cibalan Blue BRL show a smaller 
increase in dye uptake with steaming temperature. 

Thirdly, the results in Table VII, comparing 
the dye uptake of untreated nylon with that of 
nylon steamed at 25 Ib/in? and conclusion 1 under 
steaming conditions, indicate a threefold increase 
in dyeing rate on steam setting at 25 Ib/in*?. This 
does not accord with Fig. 1(b) where the increase is 
much less, or with HATRA work using Cibalan 
Blue BRL, where steam-set fabric had approx. 40°%, 
greater dye uptake than unsteamed fabric. 

Mr. Peters: The dyeing conditions used for 
Fig. 1 were aimed at obtaining equilibrium and 
were different from the dyeing conditions used in 
experiments to compare dyeing rates. Even with 
these differences, if the dyeing rate is considered 
at ¢=30 min, the ratio of the rate of dyeing of the 
standard yarn to that of the control yarn is 2:1. 

Mr. JAECKEL: The authors (on p. 609) comment 
on percentage changes in dyeing rate with heat- 
setting treatments, and quote approximately 1%, 
differences in dyeing rate for 1 deg. C differences in 
dry-heat setting temperature. We are happy to 
agree: with Cibalan Blue BRL dyeings at HATRA 
for 1h at 60°C, for 70d/34f/? Z nylon 6.6 yarn 
false-twisted at 80t.p.i. with 3% overfeed, dye 
uptake changes per deg. C over the range 198- 
250°C were, as percentages of dye uptakes at 198, 
224, and 250°C, respectively, 1-2, 0-9, and 0-7 (on 
an absolute basis, 0-105 mg dye/g nylon/deg. C). 

For 1 deg. C differences in steaming temperatures, 
the authors find a 5% change in dyeing rate. 
Under HATRA conditions we only find half that 
rate of change: the average increase, as a per- 
centage of dye uptake at 130-4°C, found for 
separate | h, 60°C dyeings of 2°, Cibalan Blue BRL 
at a liquor ratio of 33:1 on 205d/34f/1Z yarn of 
merge number 913G was 2-5%. 

Dr. L. Zakarias: A very clear account was 
presented of the experimentally determined effects 
of heat setting on the dyeing behaviour on nylon. 
I am, however, worried about the theoretical 
explanations and practical conclusions drawn. We 
have experienced similar problems in heat pre- 
treatments in development work on non-woven 
fabrics. According to BP 776,967 and BP 825,002, 
this non-woven fabric consists of a plurality of thin 
layers arranged in a certain order of permeability. 
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The general permeability and dye retention of the 
fabric are determined and controlled by filtration 
methods in which the heat-setting of non-woven 
fabrics (also with nylon layers) is only a small part 
of our experiments for arriving at practical 
aerating and dyeing conclusions. Thus the present 
interesting results obtained by the lecturers could 
be differently explained and, for practical purposes, 
radically altered if in the first instance colloid and, 
especially, collective chemical laws and processes 
were considered and applied in addition to tradi- 
tional physico-chemical considerations and macro- 
molecular structures. 

Dr. Wuitz: We have no comment to make on 
this question, but note with interest Dr. Zakarias’s 
alternative theory. 

Dr. D. Parrerson: Many of the setting treat- 
ments that are described in this paper will alter the 
physical as well as the dyeing properties of the yarn. 
Have any attempts been made in the course of this 
work to obtain relations between both these two 
types of property and the structural changes in 
the fibre? 

Dr. Wuire: The effect of heat-setting con- 
ditions on the mechanical and optical properties of 
nylon yarns has been studied by the Physics 
Research Group in the BNS Research Department. 
The physical and physio-chemical properties of the 
yarn depend on the fine structure of the polymer 
and these topics are constantly under investigation 
by fibre producers. 

Mr. H. R. Haprretp: Would the authors care 
to explain how they arrived at their summarised 
results as detailed in Fig. 9? 

It is, perhaps, possible for the practical dyer to 
misinterpret the information presented in Fig. 9. 
The ability of a dye to cover differences in dyeing 
properties in nylon is a combination of dyeing rate, 
equilibrium dye exhaustion and, because of these 
two properties, migration rate. Fig. 9, at a 
glance, would indicate that disperse dyes are little 
better than acid or premetallised dyes and this, of 
course, from a purely practical viewpoint does not 
correspond with practice. Could the authors con- 
firm that other factors must also be carefully 
considered in assessing a dye from a practical 
viewpoint? 

Dr. Wuire: Fig. 9 was derived from our own 
data published in this paper (acid and metal- 
complex dyes) and published data on disperse 
dyes*™. Fig. 9 shows the general effect of 
temperature and heat treatment on the rate of 
dyeing for each class of dye, but it does not compare 
their actual rates and does not bring out the fact 
that disperse dyes migrate faster within the fibre 
and: are therefore better for covering certain 
physical variations in yarns. It is in accord with 
the observation that dry-heat setting does not alter 
the general pattern of stripiness but that steam 
setting can accelerate diffusion of dye into the fibre 
and give some improvement in levelling. We 
agree that from a practical viewpoint many points 
have to be considered in assessing the suitability 
of dyes for a specific purpose. 

Dr. J. K. Sxetty: The somewhat different 
behaviour of 1:2 metal-complex dyes on dry- 


heat-set nylon as reported by HATRA * and in the 
present paper is of interest. It is suggested that 
the two sets of results are not strictly comparable. 
The HATRA workers used dyeing temperatures of 
60°C, while in the present work dyeing was carried 
out at the boil. It is possible that the state of 
aggregation of this type of dye at 60°C could be 
different from that at 100°C, which may partly 
explain the differences in uptake of dyes reported. 

Mr. JanckEL: With reference to Dr. Skelly’s 
comment, when we referred to physical optical 
effects causing visual differences in fabrics con- 
taining similar amounts of dye, we did not 
necessarily have different states of aggregation of 
the dye molecules in mind. We feel that the most 
important factor is the physical appearance of yarn 
and of fabric knitted from it. Different false- 
twisting temperatures produce yarns which feel and 
look different, and this difference causes the 
resultant fabrics to look different; this effect of 
fabric and yarn surface structure tends to persist, 
even after steaming and dyeing to the same per- 
centage depth. At HATRA we obtained 97-5% 
exhaustion when separately dyeing samples 
differently false-twisted, some unsteamed, some 
similarly steamed, with Cibalan Blue BRL near the 
boil instead of at 60°C; nevertheless, grey-scale 
contrast differences were considerable. Internal 
evidence in the paper suggests to us that the 
authors’ dyeing temperature, not explicitly stated, 
was probably 85°C. 

Dr. Wuire: We agree that the physical 
appearance of yarn and fibre is important in 
determining the apparent colour, but this we think 
is of less interest than the more theoretical aspects. 
The dyeing temperature was in fact 85°C. 

Dr. SkELLy: What is the effect, if any, of the 
presence of inorganic pigments, e.g. titanium 
dioxide, or organic pigments in the fibre upon the 
oxidative process taking place during the dry-heat 
setting process? 

Dr. Waite: Pigments incorporated into nylon 
can affect the oxidation of polymer either by direct 
chemical or catalytic effect or by affecting the 
crystallisation and fine structure of the polymer, 
making it more or less permeable to oxygen. 
Titanium dioxide has little or no effect in the case 
of the oxidative process in dry-heat setting. 

Some organic pigments have a deleterious effect 
and would be rejected for commercial application, 
but others containing oxidation inhibitors, e.g. 
copper, have a beneficial effect. 

Mr. A. J. Hatu: There is an apparent parallelism 
between the steam setting of nylon and the treat- 
ment of acetate fibres in boiling water, since in both 
cases the fibre structure is loosened and the dyeing 
properties are thereby modified. Could this 
parallelism be extended to include a modification 
of fibre lustre and the protective effect of tension- 
ing the fibres during the steam treatment? 

Mr. Perers: We have no information on this 
point. 

Mr. C. Hoppay*: Mr. Peters has emphasised 
the importance of controlled setting conditions to 
ensure that maximum coverage of irregularities 


can be achieved. In bulk processing, however, the 
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required degree of control is not always achieved. 
Could the lecturers indicate whether present 
application techniques, e.g. solvent-assisted dyeing, 
help in this direction? 

Mr. Perers*: Solvent-assisted dyeing techniques 
would be of value in covering the type of irregu- 
larities referred to. 

Mr. W. Penn*: The obvious advantages of 
setting nylon fabrics in saturated steam prompt 
the question: has any progress been made with the 
development of a continuous pressure-steam setting 
device embodying tension and dimensional control? 

Dr. Wuite*: We know that work is being 
carried out on such a device but have no informa- 
tion on its progress. 

Mr. Bampton*: The effect of tension during 
steaming upon the dyeing properties of nylon yarn 
or fabric may be very marked. Yarn or fabric 
held under tension to such an extent that shrinkage 
is restricted will dye to a lighter colour than 
material which is free to shrink during the steaming 
operation. 

For example, barriness in dyed fabrics some- 
times results from a fault in the yarn twist-setting 
process where the yarn is in some cases wound 
on to paper tubes. Occasionally part of the tube 


does not collapse during steaming, so that the yarn 
at this position shrinks to a smaller degree than 
elsewhere (Smith, G., Hosiery Res. Bull., 4 (1) 32 
(July 1957)). 

If the material has not been steamed again at a 
temperature equal to or higher than that of the 


treatment causing such a fault, diagnosis may in 
many cases be facilitated by use of the residual 
shrinkage technique for the determination of 
Equivalent Steam Setting Temperature (ESST) 
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(Munden, D. L., and Slater, D., J. T'extile Inst., 50, 
T393 (1959)). Yarns which have been restricted 
in shrinkage give a lower ESST. 

Dr. Wuits*: It is well known that variations 
in tension applied during steaming or dry heating 
can affect the dyeing rate. 

Mr. JaEcKEL*: We agree wholeheartedly with 
the authors’ comments (bottom of p. 609) on the 
need to ensure that all commercial heat treatments 
of nylon yarns and fabrics are controlled and kept 
as uniform as possible. 

In batch processes, such as preboarding of nylon 
hose and half-hose, the steaming conditions are 
relatively static. We have repeatedly found that 
air pockets can sometimes be trapped, particularly 
with half-hose, causing large reductions in dye 
uptake; less gross inhomogeneities in steaming 
conditions, not only between different batches but 
also within any one batch, i.e. from position to 
position in the autoclave, sometimes occur and can 
cause colour variations in hose. Both dyers and 
machinery makers are aware of this problem, and 
many attempts at improving the processes have 
been and are being made by machinery makers. 

It is interesting to note that, despite very wide- 
ranging enquiries, it has not been possible to find 
a really satisfactory, accurate method of deter- 
mining the dryness fraction of steam within an 
autoclave, nor does much attention appear to have 
been paid to the possibility of using continuous 
steam flow conditions in boarding processes. Have 
the authors any views on these matters? 

Mr. Peters*: We have no revolutionary method 
of determining dryness fraction of steam within 
a normal supply. We agree that the use of con- 
tinuous steam flow would be of practical value. 
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Chairman— Mr. F. M. Stevenson 


Dyeing Polyacrylonitrile Fibres with Cationic Dyes 
A Survey and Evaluation of Published Work 


W. BeckMANN 


Methods for predicting the dyeing behaviour of cationic dyes on acrylic fibres (of Orlon 42 and Dralon 
types) are of value, since the existence of saturation values, the poor levelling characteristics of the dyes 
used, and the pronounced dependence of exhaustion rate on dye concentration and temperature demand 
careful control of the whole dyeing process. The nature of the bond between the fibre and the dye, and the 
dependence of dyeing equilibrium on dyeing conditions are considered, and equations are derived for cal- 
elating the dye uptake of single dyes and of mixtures. Finally, methods of achieving levelness of dyeings 
are discussed. 


Introduction 

Considerable difficulties are experienced if an 
attempt is made to describe the laws governing 
the elementary operations occurring in the dyeing 
of textile materials by figures and formulae. The 
reasons for this are simple: as a rule, complicated, 
heterogeneous systems and accordingly intricate 
processes are involved. In consequence, all the 
important practical knowledge of the past decades, 
which has led, e.g., to serviceable dyeing recipes, 
has been gathered almost exclusively by empirical 
means. 


Only in more recent times has the position 
changed; the careful scientific work on the reactive 
dyes (particularly in England), to which this class 
of dye owes its quick advance, is an excellent 
example. Nevertheless, the processes taking place 
in dyeing cannot as yet be described quantitatively 
by means of simple equations between the relevant 
variables, e.g. temperature, time, concentration, 
and suitable material constants. 


However, this ideal situation can be approached 
fairly closely in the dyeing of polyacrylonitrile 
fibres with cationic dyes. In this case two favour- 
able circumstances coincide: firstly, the fibre is 
fully synthetic, i.e. it is possible to obtain a material 
with very regular properties, and secondly, the 
dyeing mechanism is relatively simple. Because 
of this it is not surprising that several attempts 
have been made to interpret this dyeing operation 
theoretically and to describe it numerically. The 
object of this paper is to provide a survey of these 
attempts and of the importance of their results to 
dyeing under practical conditions. In this con- 
nection a distinction will be drawn between works 
dealing with what actually occurs during dyeing 
and those in which attempts are made to describe 
or formulate the operations quantitatively in a more 
or less practical manner. 


This paper is intended to deal only with acrylic 
fibres of the Orlon 42 and Dralon types, but not 
with the basified fibres, e.g. Acrilan. Where the 
word “dye” is used, a cationic dye (i.e. one which 
dissociates in water into a coloured cation and a 
colourless anion) is to be understood. 


Basic Operations in Dyeing 


The important questions that arise when the 
dyeing mechanism is being considered can be 
divided into two classes (questions of a purely 
colouristic nature are not considered here)— 


(1) What is the nature of the bond between 
fibre and dye? Where does the bond occur and 
what forces take part in bonding? 

(2) How does the dyeing equilibrium depend 
on dyeing conditions? How quickly is equilibrium 
attained ¢ 

These matters will now be considered in detail. 


THE NATURE OF THE BOND 


In the earliest publications on the dyeing of 
acrylic fibres, the dyeing properties with cationic 
dyes are mentioned but, because of the poor 
light fastness of the dyeings examined, a closer 
investigation did not appear to be worthwhile. 
Later, when dyes of considerable fastness to light 
became available, the assumption was first made 
that the basic dye was bound, as in a salt, to acid 
groups **. No precise particulars were available 
with regard to the nature of the acid component in 
the fibre, which was assumed to be either an 
acid copolymerisate or an acidic hydrogen atom 
adjacent to the nitrile group®*. Glenz and 
Beckmann’ were the first to report systematic 
investigations of the nature of the bond. They 
found that, when equilibrium was established at 
80-100°C, Dralon had absorbed approximately 
the same amount (37 mmoles/kg of fibre) of all the 
ten cationic dyes examined. 


From this fact and from the shape of the 
measured equilibrium isotherms of dye absorp- 
tion, they concluded that the cationic dyes were 
bound to acidic groups, a definite number of which 
were available in the fibre, probably at the ends of 
the chains. Glenz and Beckmann were able to 
determine these acidic groups by means of special 
titration methods and established that the number 
of them agreed approximately with the number of 
chain ends, calculated from the molecular weight. 
According to Schiffner *, these acidic groups arise 
from the anionic polymerisation catalyst— basic 
dyes have no affinity for basically polymerised 
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acrylonitrile. Nowadays, however, it is possible for 
acidic groups to be introduced by other means in 
order to improve the dyeing properties °. Some 
time later, Vogel et al. elucidated the dyeing 
mechanism for Orlon 42, and found that the 
sulphur content (0-09°%) corresponded to the 
number of acidic groups present (32 mmoles/kg). 
Recently, Weltzien and Fester™ have improved 
the method of determining the acid groups in 
acrylic fibres. They also reached the conclusion 
that Orlon and Dralon carry SO,H groups at the 
chain ends which are capable of forming a bond 
with cationic dyes. 

It can therefore be regarded as proved that 
cationic dyes are bound to acrylic fibres at acidic 
sites which are present in certain measurable 
quantities. 


In addition, the dye must have some degree of 
solubility in the fibre, although the proportion of 
dye thus absorbed is usually low, as can be seen 
from the slight rise in the equilibrium isotherms 
above the saturation point’. According to 
Glenz, the dye bound to the acid groups possesses 
better fastness properties than that which is 
dissolved in the fibre ’. 


Wegmann” has put forward an interesting 
theory. He found that, within an homologous 
series of cationic dyes, the resistance to exposure 
to light decreases with increasing basicity of the 
dye; and from this he concluded that the relatively 
good fastness to light of many cationic dyes is due 
to the mutual interaction of the dye and the 
acrylic fibre. The more homopolar the character 
of the bond, the greater is the possibility for 
removal of the energy and consequently the greater 
the fastness to light. 


DYEING EQUILIBRIUM 


Very little has been published about the exact 
position of the dyeing equilibrium. The dyes 
examined by Glenz and Beckmann’ were bound 
practically completely, provided the number of acid 
groups in the fibre was greater than the number of 
dye molecules. The affinity (in the thermodynamic 
sense) of the dyes for the fibre was high. It is 
known from practical experience that most of the 
normal commercial dyes behave in a similar 
manner. Vogel et al.° also examined dyes whose 
affinity for the fibre was relatively low. Only 
equilibrium isotherms for 100°C are given in their 
paper, no attempt having been made to derive 
absolute values for the affinity. No further 
investigations on this particular aspect have been 
reported; similarly, no quantitative information 
is available with regard to the effect of temperature 
on the equilibrium. This is probably due less to 
experimental difficulties, which are practically 
non-existent, than to the fact that the affinity of 
most dyes for the fibre is high. This means that the 
quantities of dye left in the residual liquor at 
dyeing equilibrium are so small that the differences 
between the various dyes are of little practical 
importance. Only a very much lower affinity is of 

ractical significance, in particular as regards 
evelling and stripping. We shall be reverting to 
this matter later. 
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RATE OF DYEING 

It is clear therefore that dyeing equilibria have 
been investigated only to the extent that appeared 
necessary for practical purposes. The position with 
regard to the rate of dyeing is similar. In order to 
understand fully the course of a dyeing process, the 
individual steps, viz., (a) absorption at the surface 
of the fibre and (5) diffusion into the fibre, should be 
considered separately. The equilibrium position 
of the first step and the rate of the second jointly 
determine the actual rate of dyeing. 

Absorption is certainly connected with the 
electrokinetic zeta ({) potential of the acrylic 
fibre, which is highly negative, as for other hydro- 
phobic fibres. Vickerstaff and Weston * obtained 
a value of —44 mV in water. This would seem to 
show that cationic dyes are attracted and absorbed 
by the surface of the fibre by reason of their charge. 
Accordingly, Glenz and Beckmann? found that 
even at very low concentrations of dye in the 
liquor (approx. 20 mg/l. pure dye) the fibre loses its 
negative potential and becomes slightly positive 
as a result of the absorption of dye cations. A 
further increase of the dye concentration in the 
liquor alters the potential only very slightly, 
indicating that the quantity of absorbed dye 
remains almost constant. Apart from the electro- 
static attraction exercised by the zeta-potential, 
other intermolecular forces can also play a part, 
e.g. London dispersion forces or dipole forces, so 
that from the theoretica] point of view it is not 
possible to obtain a clear picture of adsorption as a 
whole. Unfortunately, there is a lack of experi- 
mental data on adsorption isotherms from which 
quantitative information on the effect of the 
various factors could be obtained. 

No detailed investigations have been made of the 
second process determining the rate of dyeing, viz. 
diffusion of dye into the fibre. The reasons why it is 
more difficult to determine the diffusion coefficients 
than, e.g., with polyester fibres are— 

(1) Mathematical treatment has to take into 
account that only the dye molecules dissolved in 
the fibre diffuse freely, whereas those bound to 
acidic groups do not. As long as free acidic groups 
are present, molecules continually disappear, by 
being bound, from the number of diffusing ones. 

2) Most acrylic fibres have an irregular 
cross-section. The method of Hill ® for calculating 
diffusion coefficients from measurements of the 
absorbed quantity of dye as a function of time 
cannot be used. 

(3) Approximate methods for very short 
dyeing times (where plane geometry is still applic- 
able) are not suitable because of the influence of 
adsorption; although the adsorption equilibrium is 
attained rapidly it cannot be measured quickly 
enough, so that it is difficult to determine exact 
data for the beginning of the diffusion process. 

Admittedly these difficulties are not insuperable 
but, nevertheless, they have so far prevented 
satisfactory treatment of the subject. Instead the 
overall rate of dyeing has been investigated, i.e. the 
combined effect of the two processes 7,**17, This 
will be considered later, because this type of work 
usually pursues the practical aim of enabling 
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predictions to be made about the course of the 
dyeing process. 


Methods of Calculation and Laws of 
Practical Use 

It is clear, therefore, that although the principle 
of the dyeing mechanism is known, from the 
theoretical point of view quantitative investiga- 
tions of many matters would still appear to be 
desirable. However, proceeding on the basis of 
dyeing mechanism, some success has been achieved 
in developing a number of laws which are of 
practical assistance when dyeing acrylic fibres with 
cationic dyes. These will now be discussed. 


QUANTITIES OF DYE ABSORBED 

Since the bonding of the dye cations to the acidic 
groups in the fibre obeys stoichiometric laws, there 
is a possibility of calculating the capacity of the 
fibre for the dye from material constants. Laucius 
et al.‘ first did this for Orlon 42 dyed with Sevron 
(DuP) dyes and Glenz and Beckmann’ for Dralon 
dyed with Astrazon (FBy) dyes; since then Stern * 
has studied further examples. Each dye is allotted 
a numerical value, which is essentially the number 
of cationic groups per gram of dye (or its reciprocal) 
and each fibre another numerical value, the number 
of acidic groups per gram of fibre. If the number of 
cationic groups used for dyeing is smaller than the 
number of acidic groups in the fibre, then almost 
complete exhaustion of the bath can be expected 
at equilibrium. 

The advantages of this system are obvious, 
particularly since it can be used with any dye 
mixtures and even for many retarders and is not 
dependent on dyeing conditions. Unfortunately, 
the numerical values used by the various authors 
contain different factors of proportionality to the 
actual number of acidic or cationic groups per gram 
of fibre or dye. For this reason it is not possible 
to make a direct comparison of the values given 
by the different authors, although the relative 
values are consistent. In Table I relative satura- 
tion values for the absorption of cationic dyes are 
given for several commercial types of acrylic fibres. 


Taste I 


Absorption of Cationic Dyes by Acrylic Fibres 
Fibre Relative Manufacturer 
saturation value* 
Chemstrand, U.S.A. 
Fabelta, Belgium 
Courtaulds, U.K. 
Soe. Crylor, France 
Siiddeutsche Zellwolle, 
Germany 
FBy, Germany 
FBy, Germany 
Exlan Ind., Japan 
Acsa, Italy 
Du Pont, U.S.A. 
Du Pont, U.S.A. 
Phrix-Werke, Germany 
Superfosfat, Sweden 
Shinko, Japan 
* The value shown is the maximum dye uptake in % of fibre weight 
for a pure dye of M ~ 400 and high affinity when dyeing equilibrium 


has been reached; for other dyes multiply by M/400E. (M = mole 
cular weight, E = fraction of pure dye in dye). 


Acrilan 16 
Acrybel 
Courtelle 
Crylor 
Dolan 


Dralon 
Dralon (New) 
Exlan L 
Leacryl 16 
Orlon 42 
Orlon Sayelle 
Redon F 
Tacryl 
Vonnel 
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Since the nature of the acidic groups and that of 
the copolymer are not the same for all types, the 
shape of the equilibrium isotherms also varies; 
some fibres may absorb considerably more dye than 
indicated by Table I, although the bath is not then 
exhausted in such cases. The values shown in the 
table apply when 95%, of the dye used is absorbed 
by the fibre at a liquor ratio of 100: 1. 

One essential requirement in connection with 
these calculations is that the equilibrium position 
of the reaction between dye cation and the acidic 
group in the fibre is very much in favour of absorp- 
tion on the fibre, i.e. the affinity is correspondingly 
high. This condition usually holds for most dyes. 
Deviations can occur if, in addition to dye cations, 
there are other cations of high affinity or cations of 
low affinity present in large numbers, e.g. as when 
salt is added. However, salt is normally only used 
when dyeing pale and medium depths, whereas the 
methods of calculation under discussion are 
chiefly of interest for full depths. 


RATE OF DYEING 


In addition to knowing how much dye is 
absorbed by the fibre at equilibrium, the practical 
dyer is also interested in knowing how quickly 
equilibrium is achieved, because this is very 
important for level dyeing. Glenz and Beckmann ? 
established a very marked relation between dyeing 
temperature and rate of dyeing in the case of 
Dralon and Orlon 42. For both fibres, whatever 
the dye used, an exponential relation between 
temperature and rate of dyeing was found, and the 
activation energy of dyeing was approx. 72 kcal/ 
mol in each case. The same value can be calculated 
for Orlon 42 from the data given by Neary and 
Thomas '*, and only a slightly lower one from the 
data of Lander! et al.”. This energy of activation is 
very high in comparison with values for other 
dyeing processes. It corresponds to an increase in 
the rate of dyeing of approximately 30% at a 
temperature increase of only 1 deg. C. Admittedly 
this value could depend on particular features of 
the material, e.g. effects of drawing or heat-treat- 
ment, but for all types of acrylic fibres the activa- 
tion energies and thus the temperature dependence 
of the rate of dyeing are certainly very high, a fact 
which is of great importance for practical purposes. 
The temperature dependence of the dyeing equili- 
brium in the range 80-120°C can be ignored 
because it is only slight. It is thus possible to 
describe the temperature dependence of the entire 
dyeing process by a simple exponential function— 

Vr = V,.exp(—E/RT) 


in which V7 represents the rate of dyeing at the 
temperature 7’, R is the gas constant, H the 
activation energy, and V,a constant. The formula 
is easily used in practice because the activation 
energy is practically independent of the dye, as 
indicated above. 

Apart from the temperature, the quantity of 
dye used has an important effect on the rate of 
dyeing, and it would be useful to have a simple 
formula to express the relation. Glenz and Beck- 
mann’ assumed that the rate of dyeing V was 
proportional to the concentration of dye at the 
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fibre surface (C,) and to the number of acidic groups 
still free in the fibre (S—Cy), thus obtaining— 


V = 


where S = saturation concentration of the dye 
C; = dye concentration in the fibre. 

The constant (k) should contain the diffusion 
coefficient of the dye in the fibre. Taking C, « C; 
(C;= dye concentration in the liquor), the 
measured results could not be represented by the 
formula. In such a case, V would have to approach 
zero as C,—> 0. However, Glenz and Beckmann 
always obtained a curve in which V tended toward 
a finite threshold value. 


Therefore they assumed that C, was not propor- 
tional to C; but that— owing to the zeta-potential 
— it rose rather abruptly at very low values of C; 
and only slightly at higher values of C;. This 
assumption agrees with conclusions from electro- 
kinetic measurements’. An attempt was made 
to approximate this by putting C, = (C; + z/a), 
where z/a is a measure of the influence of the 
zeta-potential. The expression for rate of dyeing 
becomes— 


V = + 2/a)(S—Cy). 


Although this formula gives fairly good agree- 
ment with experimental values, it includes, in 
addition to the saturation concentration S, two 
further dye-dependent constants, z and a, and is 
therefore not suitable for application. However, 
it does supply some guide to the mechanism of 
adsorption of the dye at the fibre surface, in 
agreement with the results of the zeta-potential 
measurements, and suggests another approach. 


According to the figures given by Glenz and 
Beckmann, there are dyes in which the zeta-poten- 
tial proportion of the surface charging (z/a) 
exceeds C;, even when the dye concentration in the 
liquor is high. With a dye of this kind the rate of 
dyeing at the start of dyeing would be almost 
independent of C;, or of the quantity of dye used. 
If one follows a suggestion by Vickerstaff™ and 
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Dye concentration on fibre, C f (mg/g) 


i 
Dyeing time 
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plots the quantity of dye absorbed in the fibre (C;) 
(in mg per g fibre) against the dyeing time (¢), 
the curves obtained at different initial concentra- 
tions of dye should have the same initial slope 
(Fig. 1). 
Tasie II 
Rate of Absorption of Dyes by New Dralon* 
Initial dye * Dye on fibre (°%, of fibre weight) after 
eoncn. (%) 3 min 5 min 10min 30min 
Maracuire Green (C.1. 42000) 
0-2 0-160 0-20 
0-190 0-270 
0-195 0-275 
0-190 0-270 
0-179 0-270 


ASTRAZON BivuEe FGL (C.I. Basic Blue 44) 
0-80 1-01 1-00 --- 
0-77 1-28 1-84 -— 
0-89 1-30 2-08 3-60 
0-99 1-36 2-25 3-70 


* 2-den, at 100°C and liquor ratio 40:1; dye content measured spectro- 
photometrically. 


0-20 
0-40 0-42 
0-418 0-495 
0-420 0-68 
0-420 0-69 


We examined this type of representation for a 
number of dyes and frequently obtained a curve 
similar to that shown in Fig. 1 (Table II). The 
curves do not level off until more than % of the dye 
present has been absorbed. Theoretically, a level- 
ling off can be expected when the dye concentration 
at the fibre surface decreases, i.e. when the con- 
centration in the residual liquor drops below 20 mg 
dye per litre. The height of the asymptotes corres- 
ponds to the quantity of dye added, so that the 
whole series of curves can be easily determined if 
the enveloping curve, i.e. the curve for the maxi- 
mum amount of dye used, is known. In other 
words, such a curve is sufficient to characterise the 
behaviour of the dye in this connection. On this 
basis it is possible to obtain convenient material 
for calculating the absorption of the dye. This has 
not yet been attempted in practice. 

It is interesting to consider whether an expression 
of the type C; « tt, which Speakman * found to be 
valid for dyeing processes, is applicable to the 
enveloping curve; under the existing conditions— 
dyeing with approximately constant surface con- 
centration— it should apply to the initial dyeing 
time (diffusion into a level layer). Our experimental 
results satisfied to some extent an expression of 
this form. Unfortunately, when dyeing first 
commences, adsorption, to which other laws apply, 
is a disturbing factor, so that the straight lines do 
not pass through the origin and the initial values 
are inaccurate. At higher concentrations saturation 
phenomena occur, so that only the middle portion 
of the curve can be used for determining diffusion 
coefficients. Individual curves of exhaustion follow 
the ¢# law much less effectively than the enveloping 
curve, and this divergence is greater the smaller 
the quantity of dye used. Fig. 1 shows another 
reason for the strong dependence of the normal 
curves of exhaustion (in which the quantity of 
dye absorbed is represented as a percentage of the 
amount added) on the quantity of dye added: owing 
to the surface charging the absolute rate of dyeing is 
at first independent of the quantity of dye added; 
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then the relative rate of dyeing must at first be 

inversely proportional to the quantity of dye 

present. A further reason for the dependence 

mentioned is the saturation of the acidic groups 

of the fibre surface, so that dye molecules must 

en diffuse far into the fibre before being 
und. 

The methods so far discussed for describing the 
dependence of the rate of dyeing— by means of a 
formula or by graphs—are not very suitable for 
practical purposes. Apart from the reasons already 
mentioned there is another very important point. 
Mixtures of dyes are normally used in commercial 
dyeing; this has to be taken into account when 
formulating systems of calculation which can be 
used in practice. 


Exhaustion of dyebath, % 


1 i i i i 
Dyeing time, arbitrary units 


Fic. 2— Exhaustion curves for different initial concentrations 
of dye A, e.g., Cy C,+ xX, 


An attempt to do this has been made by Beck- 
mann’, The amount of dye absorbed is plotted, 
as a percentage of the total amount originally 

resent, against the times of dyeing. As has already 
n mentioned, these curves are greatly dependent 
upon the initial quantity of dye present, i.e. the 
amount of dye added determines the rate of 
dyeing. It was found that if a dye A of con- 
centration C, is dyed in the same bath as a 
dye B of concentration C,, A will be absorbed 
by the fibre more slowly than when applied alone 
at concentration C, (Fig. 2). The path of the curve 
of exhaustion for A in the mixture is approximately 
the same as that of the curve for A alone at a higher 
concentration, C,-+X,. This concentration 
Camx = Ca + X,q is termed the rate-determining 
concentration of the dye A in the mixture in 
question, because from it the curve of exhaustion 
of the dyeing operation results. 

The rate-determining concentration of a dye 
in a mixture is not, as might be assumed, equal 
to the total concentration of all dyes used, even if 
the concentration is converted to molar units. It 
can be calculated, however, according to a simple 
formula from the quantities of dycs used (C,, Cp, 
etc.), and from dye-dependent values, so-called 
mixture parameters 


P C 
Csamix = +(— x Cop = 
Py A 


where S, = saturation concentration of dye A. 
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The calculated value of the rate-determining 
concentration C , + X , indicates which of a series of 
curves of exhaustion of dye A is the one applicable 
to the dyeing in question. This series may be 
represented by a plot of the time of half-dyeing, 
or of the time (¢,,) at which the bath is 70% 
exhausted, against the quantity of dye added, a 
so-called t,,—C, curve, whose general form is 
shown in Fig. 3. 


Time for 70% exhaustion, try 


0 0-5 
Ratio of initial dye concentration to saturation value, c 


Fie. 3— Typical bo, curves (arbitrary units) 


It is therefore possible to calculate for each 
component of any mixture when 70%, of the dye 
added will have been absorbed. It is necessary 
to know the mixture parameter of all dyes used 
and the tz >—C, curve of the dye whose rate- 
determining concentration is to be calculated. The 
latter is dependent on the temperature of dyeing 
and on the liquor ratio. The mixture parameters, 
which are obtained from measured exhaustion 
curves of dye mixtures, on the other hand, are 
independent of concentration and ratio of dyes in a 
mixture, and of the dyeing temperature and liquor 
ratio, and their values are very similar for Orlon 42 
and Dralon. Thus the process is of fairly wide 
application. The action of cationic retarders on the 
rate of dyeing can also be calculated by this 
method; the retarder is treated in exactly the same 
manner as another dye. The mixture parameter 
and the saturation value of the retarder must be 
known, but not its t,,—C, curve. Beckmann has 
put forward an explanation of the mutual influence 
of the dyes, involving the rate of diffusion inside 
the fibre. 


The above process may be simplified to some 
extent, since it is usually desired to establish which 
dyes have similar rates of dyeing in mixtures, i.e. 
which can be combined particularly well in mixture 
dyeings. It can be roughly assumed that the t,.>— 
C, curves of all dyes form a single-parameter series 
of curves, i.e. that all curves are similar in shape 
and each can be adequately characterised by a 
particular constant. A characteristic value of this 
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Time of 70% exhaustion at half-saturation concn., tro (05), min 


Mixture parameter, p 


Colour index No. 
Basic Yellow 20 
Basic Yellow 21 
C.1. Basic Yellow 12 


Number Commercial Name 
Astrazon Yellow 8GL 
Astrazon Yellow 7GLL 
Astrazon Yellow 5G 
Yellow 

Astrazon Yellow 3G 
Astrazon Yellow GRL 


Astrazon Golden 
Yellow GL 


Astrazon Golden 
Yellow GLD 


Astrazon Yellow 
Brown 2GL 


Astrazon Orange 2RL 
Astrazon Orange 3RL 
Astrazon Orange G 
Astrazon Orange R 
Astrazon Red RL 

Red 

Astrazon Red GTL 
Astrazon Red BBL 
Astrazon Red 5BL C.1. Basic Red 24 
Astrazon Red 6B C.l. Basic Violet 7 
Astrazon Bordeaux BL C.!. Basic Violet 19 
Pink 


C.l. Basic Yellow 
C.l. Basic Yellow 29 
C.1. Basic Yellow 28 


C.l. Basic Orange 29 
C.1. Basic Orange 30 


Basic Orange 28 
C.1. Basic Orange 27 
C.1. Basic Orange 2! 
C.1. Basic Orange 22 
C.l. Basic Red 25 


C.l. Basic Red 18 
C.1. Basic Red 23 


Number 
22 
23 
24 
25 
26 
27 


Commercial Name 
Pink 
Astrazon Pink FG 
Astrazon Blue 3RL 
Astrazon Biue RL 
Astrazon Blue FGL 
Astrazon Blue G 
Astrazon Blue 5GL 
Astrazon Biue B 


Colour Index No. 


Basic Red 13 
C.l. Basic 47 
Basic Biue 46 
C.l. Basic Blue 44 
C.1, Basic Blue | 

Basic Blue 45 
C.l. Basic Blue 5 


om Red Violet C.l. Basic Violet 20 


Astrazon Violet F3IRL 
Violet 


Astrazon Olive 
Green BL 


Red 

Blue 

Astrazon Biue BG 
Astra Red 3G 

Astra New Fuchsine 
Astra Violet 3R extra 


Astra Diamond 
reen GX 


Astra Malachite Green 


Basic Violet 2! 


C.l. Basic Green 6 


C.1. Basic Blue 3 
C.1, Basic Red 28 
C.1. Basic Violet 25 
C.1, Basic Violet 16 
Basic Green | 


Basic Green 4 


Fig. 4— Relation of ty) (0-5) to mixture parameter, p 


kind for the t,,.—C, curve is, e.g., the time for 70% 
exhaustion at the half-saturation concentration, 
tro (0-5). If the value t,, (0-5) is plotted against the 
mixture parameter, each dye is represented by a 
point. Dyes whose points lie close together are very 
suitable for use in mixture in any proportions, 
whereas dyes whose points lie far apart usually 
display very varying rates of dyeing in mixtures, 
as shown in Fig. 4. 


The Problem of Level Dyeing 

Owing to their high affinity for the fibre, the 
migrating power of the normal cationic dyes on 
polyacrylonitrile fibres is only slight. It is there- 
fore more essential than with other dyeing processes 
that the application of dye to the fibre should be 
absolutely uniform from the start. 

In many cases, control of the rate of dyeing is 
sufficient for this purpose. At 100°C it is usually 
sufficiently high to make unnecessary the use of 
carriers or high-temperature plant, as is customary 


AS 


when dyeing polyester material. Instead the 
problem often is too high a rate of dyeing. By 
means of suitable additives and accurate control of 
the temperature, care is taken to ensure that the 
dye is absorbed only slowly by the fibre. According 
to Turner *, the bath should be exhausted in not 
less than 45 min. Suitable additives include cationic 
or anionic retarding agents and neutral salts. 

If the material is not uniform, which may be the 
case for continuous filamcnt, it is often impossible 
to produce a level dyeing solely by retarding the 
rate of dyeing, since this cannot prevent the 
portions of the material which dye more quickly 
from absorbing more dye at the start than those 
which dye more slowly. In such cases some degree 
of migration is essential. Methods of achieving this 
all aim at preventing complete exhaustion of the 
bath. Thus, the differences in depth of the various 
portions of the material do not depend upon the 
differences in the rate of dyeing, but on the absorp- 
tion of dye at equilibrium, which is normally very 
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uniform, even for irregularly drawn or set material. 
Use is made of dyes of relatively low affinity, 
addition of cationic retarders until all acidic groups 
in the fibre are saturated, or addition of neutral 
salts and dyeing at temperatures above 100°C, in 
which case the marked increase in the rate at which 
the equilibrium is attained has a favourable effect. 
These methods will now be discussed in greater 
detail. 
CATIONIC RETARDERS 

Cationic retarders have acquired great impor- 
tance in level dyeing *.*.**-*”, They are all water- 
soluble organic compounds which compete with 
the dye for absorption on the surface of the 
fibre and for absorption on the acidic groups. 
Thus they reduce the rate of dyeing in much the 
same way as addition of another dye would do. 
Difficulties can .be expected if the goods to be 
dyed are uneven. In such cases sufficient retarder 
must be used for the absorption power of the fibre 
for cations to be exceeded, i.e. for dye and retarder 
to be left in the bath after dyeing is complete. 
This results, as already mentioned, in a certain 
degree of migration or levelling. 

The parallelism between the behaviour of dye 
and that of cationic retarders makes the differences 
in the action of a retarder with various dyes and 
the marked dependence of retarder action on con- 
centration understandable. It also enables the 
quantitative laws previously discussed to be 
applied to retarders also; degree of retarder 
action and optimum retarder concentration can 
therefore be determined. 

Cohen and Endler * investigated the influence 
of the chemical structure of retarders on their 
action. According to them, long-chain (C,,) 
amines produce the most uniform overall rate of 
dyeing. The anion has no notable effect.’ An 
interesting fact was that the retarding action of the 

ternary ammonium compounds was generally 
no better than that of other amino compounds. 
Cohen and Endler also established that, in the case 
of amines of chain lengths greater than C,,, a 
time ela , which increased according to the 
length of the chain, before absorption of the dye 
began. It would appear that such retarders are 
absorbed very much more quickly than the dye 
(Sevron Green [C.I. Basic Green 3)). 


NEUTRAL SALTS 

Neutral salts, e.g. sodium sulphate, also retard 
the rate of dyeing and affect the dyeing equili- 
brium™. *, It seems that the metal cation also 
competes for the acidic groups in the fibre. It was 
also shown that additions of electrolyte reduce the 
negative surface potential of the fibres’ and 
this also reduces the rate of dyeing. Addition of 
salt thus has a levelling effect, but no quantitative 
estimation of this effect has yet been attempted. 
If necessary, the use of about 10% of sodium 
sulphate is recommended, which permits a reduc- 
tion of about 4 in the quantity of retarder required. 


ANIONIC RETARDERS 


A further means of preventing the dye from being 
absorbed by the fibre too quickly is afforded by 
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anionic agents which enter into association with 
the dye in the dye liquor. Kellet * and Leddy” 
have reported that level dyeings on Orlon 42 and its 
mixtures with other fibres could be obtained much 
more easily with Maxilon (Gy) dyes in presence of an 
anionic auxiliary (Irgasol DA) and a non-ionic 
auxiliary (Tinegal NA) than in presence of cationic 
retarders. Special advantages were— the tempera- 
ture range over which the dye may be applied is 
extended, dyes whose rates of dyeing are normally 
different can be absorbed at the same rate, and the 
auxiliary agent remains in the bath and thus still 
exercises an effect during shading. The anionic 
auxiliary used by Leddy contains several sulphonic 
groups in the molecule; when used in sufficient 
quantities there is therefore no fear of precipitation. 

Beckmann ** was able to show that addition 
compounds of dyes and an auxiliary of the type 


are not absorbed by the fibre, so that temporarily 
the dye that has reacted is not available for dyeing 
purposes. This means that, according to the posi- 
tion of equilibrium, the rate of dyeing is reduced to 
a greater or less extent. The extent of the effect 
thus depends on the dye used. Another dis- 
advantage is that, in spite of the addition of non- 
ionic auxiliaries, precipitation of the dye or 
production of dyeings which are lacking in fastness 
to rubbing can easily occur. Thus only certain dye 
combinations are suitable for this process. 


DYES OF LOW AFFINITY 

It has already been mentioned that to obtain 
level dyeing it is often not sufficient only to retard 
the rate of dyeing; migration must also take place. 
This condition is fulfilled by dyes of low affinity* 
for the fibre, as reported by Vogel et al.. They 
discovered that these dyes penetrate the fibre more 
quickly than normal dyes; since, in addition, the 
bond between these dyes and the acidic groups of 
the fibre is much weaker, they possess considerable 
migrating power. They can also be more readily 
stripped. According to Vogel, retarders are super- 
fluous, but the rate of dyeing can be greatly 
influenced by addition of salt. The wet-fastness 
properties at temperatures below 70°C are as good 
as those of normal dyes, since at low temperatures 
even a dye of low affinity does not diffuse in the 
fibre. Disadvantages are, however, experienced in 
dyeing deeper shades, as the exhaustion of the bath 
may be low, and in dyeing with mixtures of dye if 
the dyes are of different affinities. 


Conclusion 

An attempt has been made to indicate the 
methods that are available for predicting the 
dyeing behaviour of cationic dyes on acrylic fibres. 
The starting-point of these methods is the simple 
dyeing mechanism. In addition it is always 
necessary to know certain data for the fibre and 
dye, which can be regarded as material constants. 


~OH), conjugated with the 
positive charge of the latter ™. 


* The affinity of cationic aves can be reduced by means of an electron- 
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In principle, a similar approach might also be 
possible for other dyeing processes, e.g. direct 
dyeing of cellulose. However, other dyeing 
processes are usually much more complicated in 
regard to their dependence on measurable quan- 
tities and to their reproducibility. On the other 
hand, there usually is no necessity for those 
methods of calculation. In the dyeing of acrylic 
fibres the conditions are quite different; the 
existence of a saturation value, the poor levelling 
characteristics of the dyes used, and the pro- 
nounced dependence of the exhaustion rate upon 
dye concentration and temperature demand careful 
planning of the whole dyeing process. The ability 
to predict the course of dyeing is therefore of great 
value to the practical dyer. It is not generally 
necessary, however, for the dyer to make exact 
calculations himself, as the dye manufacturers 
usually take these matters into consideration when 
offering technical advice and providing dyeing 
recipes. It was nevertheless considered of interest 
and value to discuss the problems that have to be 
overcome before this can be done. 

FARBENFABRIKEN BAYER A.G. 


LEVERKUSEN 
GERMANY 


(MS. received 20th April 1961) 
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Mr. J. Keaton: Can Dr. Beckmann give further 
details about the calculation of mixture para- 
meters? For instance, is it necessary to obtain the 
exhaustion curves for all dyes in mixtures with 
each other, before the requisite mixture parameter 
can be obtained? 

Dr. BecKMANN: The mixture parameter p of a 
dye is determined as follows: 

(1) Exhaustion curves of the dye at three or 
four different dye concentrations are measured at 
100°C. From the results ¢,, (time for 70% 
exhaustion) (or t,9) is plotted against C, (ratio of 
actual dye concentration to saturation concen- 
tration). 

(2) t» of the dye in presence of another dye 
(with a known mixture parameter) in the bath is 
measured. From the t,,-C, curve the corres- 
ponding value of C, for the dye in the mixture, 
is taken. 


Brecxkmann— DYEING POLYACRYLONITRILE FIBRES WITH CATIONIC DYES 


Discussion 


Tasie III 


623 


*W J., Text. Rund., 9, 341 (1954). 

« Laucius, J. F., Clarke, R. A., and Brooks, J. A., Amer. 
Dyestuff Rep., 44, P362 (1955). 

5 Wiirz, A., Melliand Tezxtilber., 37, 83 (1956). 

* Déicke, W., Disch. Textiltech., 8, 77 (1958). 

7 Glenz, O., and Beckmann, W., Melliand Tezxtilber., 38, 
296, 783, 1152 (1957). 

* Schiffner, discussion in ibid., 38, 1157 (1957). 

*e.g. USP 2,837,500-1; BP 744,487; Belg. P 555,500. 

1 Vogel, T., de Bruyne, J. M. A., and Zimmerman, C. L., 
Amer. Dyestuff Rep., 47, P581 (1958). 

Weltzien, —., and Fester, —., Dissertation, Aachen 
(1960). 

18 Wegmann, J., Melliand Teztilber., 39, 408 (1958). 

8 Vickerstaff, T., and Weston, G., unpublished see 
ibid., 35, 766 (1954). 

4 Beckmann, W., 3rd Internat. Congress on Surface-active 
Agents, Kéln: Universitétsdruckerei Mainz (1960). 

4% Hill, A. V., Proc. Roy. Soc., B, 104, 39 (1929). 

16 Stern, H., Ciba Rund., 13, No. 149, 33 (1960). 

17 Beckmann, W., Melliand Textilber., 39, 1121 (1958). 

18 Stern, H., Ciba Rund., 13, No. 149 (1960). 

19 Neary, J. P., and Thomas, R. J., Amer. Dyestuff Rep., 
46, P625 (1957). 

2° Landerl, H. P., Iannarone, J. J., and Wilson, J. J., 
S.V.F. Fachorgan, 12, 668 (1957). 

% Vickerstaff, T., discussion in Melliand Tezxtilber., 39, 
1126 (1958). 

#2 Speakman, J. B., and Smith, L. 8. G., 3.8.p.c., 52, 121 


(1936). 
* Turner, G. R., Amer. Dyestuff Rep., 48, No. 14, 48 (1959). 
*% Clarke, R. A., and Bidgood, L., ibid., 44, P631 (1955). 


25 Meldrum, K., and Ward, J. 8., 3.8.p.c., 74, 140 (1958). 

* Cohen, S., and Endler, A. 8., Amer. Dyestuff Rep., 47, 
325 (1958). 

27 Beckmann, W., Reyon Zellwolle Chemiefasern, 452 (1958). 

* Kellet, H., Text. Manuf., 84, 313 (1958). 

*® Leddy, J. A., Amer. Dyestuff Rep., 49, P272 (1960). 

© American Cyanamid Co., US P 2,893,816. 


(3) By means of the equation on p. 620 the 
value of p of the dye is calculated, all other 
quantities being known. 

Exhaustion curves of the other dyes in the 
mixture do not need to be measured, but the total 
amounts and saturation concentrations of every 
dye present must be known. The measurements 
are suitably made in a dyeometer. 

In Table III, mixture parameters for Orlon 42 
and Dralon and the saturation concentrations for 
Orlon 42 are given for several Astrazon dyes. The 
values for Orlon 42 and Dralon are very similar. 

Dr. A. Wirz: While studying the dyeing 
behaviour of polyacrylonitrile fibres we very often 
found that the rate of exhaustion in mixture 
dyeings could not be deduced from the exhaustion 
curves of the single basic dyes. For this reason 
we have not published exhaustion curves of 
Basacryl dyes, since these curves vary a little 


Dye* Mixture Parameter Saturation concn, 
p(Dralon) p(Orlon) on Orlon 42 
(% of fibre wt.) 
Astrazon Yellow 7GLL 0-50 0-54 7-2 
Astrazon Golden Yellow GLD 1-0 0-89 4:3 
Astrazon Orange 3RL 0-15 0-19 6-3 
Astrazon Red GTL 0-43 0-32 54 
Astrazon Red BBL 0-34 0-32 5-8 
Astrazon Blue 5GL 0-40 0-35 9-0 
Astrazon Blue G 0-40 0-41 5-2 
Astrazon Olive Green BL 0-15 0-19 75 


* Colour Index Part I numbers are given on p. 621. 
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although the dyes can be used in mixtures without 
restriction. Similarly we have not published 
details of times of half dyeing, since we consider 
that their value is doubtful for the selection of 
basic dyes appropriate for dyeing acrylic fibres. 

We consider it an advancement that a method 
has now been developed to determine mathe- 
matically the behaviour of basic dyes in mixtures. 

It is often stated in the literature that quaternary 
ammonium compounds block the acrylonitrile fibre 
if they are used in excess. Dr. Beckmann, also, 
has mentioned optimum quantities of cationic 
retarders, the calculation of which presupposes a 
saturation value and, with it, a blocking con- 
centration. 

Our own tests (especially with Basacryl dyes and 
Germocid) have shown that retarders do not 
necessarily block the fibre. In these tests we 
ascertained that the affinity of a dye can be 
sufficient to displace the retarder, so that we can 
speak of retardation but not, strictly, of blocking. 
This effect may, however, depend on the dye used 
and on the affinity of the quaternary ammonium 
compounds. 


Dr. Beckmann: In the dyeing of acrylic fibres, 
cationic retarders behave very similarly to cationic 
dyes. A saturation concentration for them exists 
with the same meaning as for cationic dyes, and 
mixture parameters may be ascribed to them. On 
this basis optimum retarder quantities— giving 
dyeing rates presumably best suited for the pro- 
cess-— are calculable. 


We agree that complete blocking of the fibre, in 
the sense that all acidic sites are rigidly occupied 
by retarder cations, is not possible in presence of 
other cations. In equilibrium the number of sites 
occupied by retarder cations depends on the 
affinities and concentrations of all the cations 


present. Cationic retarders, however, always 
reduce the number of acidic sites available for the 
dye. This causes part of their efficiency, another 
part originating from surface effects. 


Mr. R. J. Hannay: Dr. Beckmann’s comments 
on the effect of the addition of cationic auxiliary 
agents to dyebaths containing cationic dyes in 
relation to yield and restraining action are of 
interest. In the paper that I am to present on 
Friday (see p. 700 et seq.), reference is made to 
the production of resist effects under vat dyes by 
using a quaternary ammonium compound as 
resisting agent. Such a procedure works satis- 
factorily for white resists, but attempts to produce 
coloured resists using basic dyes resistant to 
alkaline sulphoxylates as the illuminating colours 
proved unsuccessful. It was found that printing 
pastes containing basic dye and a quaternary resist 
agent gave a lower yield on the acrylic fabric, but 
where the subsequent vat-dye print fell on the 
resist print, complete destruction of the basic 
colour occurred. The lower yield of basic colour 
can be explained by the competition between the 
resist and dye for the dye sites in the fibre in the 
manner outlined by Dr. Beckmann. Can Dr. 
Beckmann give any explanation for the complete 
disappearance of the basic colour where the vat- 
dye overprint falls on? 
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Dr. Beckmann: The dyeability of Courtelle 
with cationic dyes decreases with increasing pH. 
Moreover, most cationic dyes are not stable in 
strongly alkaline solutions. Probably the vat-dye 
overprint contains enough alkali to prevent 
fixation of the cationic dye. 

Dr. R. McGrecor: The observation that the 
absorption of a dye is reduced in the presence of a 
second dye is common to several dyeing systems: 
does Dr. Beckmann consider his mixture para- 
meters to be a measure of the interaction of the 
dyes in solution or in the fibre? 

Dr. Beckmann: According to Valké, cationic 
dyes in dyeing liquors are usually not associated. 
Therefore, we think that interaction of different 
cationic dyes in solution is only slight in most cases. 
We have no evidence for direct interaction of the 
dyes in the fibre, either, but think that dyes 
influence each other’s interaction with the fibre: 
when two dyes, A and B, with different diffusion 
coefficients (D) start diffusing into the fibre, the 
dye (A) with the higher coefficient will find more 
free anionic sites than B. Therefore B will be more 
influenced by the presence of A than vice versa. 
This suggests that the mixture parameters are 
connected with the diffusion coefficients of the dyes 
in the fibre (the higher D the lower p, other things 
being equal). Moreover, the mixture parameters 
will account for direct or indirect interaction of the 
dyes at the fibre surface. 

Dr. McGrecor: The statement that the effect 
of temperature on the dyeing equilibrium in the 
range 80-120°C is slight presumably refers to 
dyeings which approximate to exhaustion of the 
dyebath or saturation of the fibre. It would be 
very interesting to know the heat of dyeing in this 
system: has Dr. Beckmann any information? 

Dr. BecKMANN: No attempt has been made, as 
far as I know, to determine the heat of dyeing of 
cationic dyes on acrylic fibres. It may have quite 
a high value, although under practical dyeing con- 
ditions the exhaustion of the dyebath is usually 
near 100%, in the range 80—120°C. 

Dr. McGrecor: The graph which the author 
showed of dye sorbed as a function of # was 
sigmoidal in shape, the linear portion having an 
intercept on the ¢# axis. This is characteristic of 
a system in which the surface concentration of dye 
increases with time, or in which the diffusion 
coefficient is a function of x or of t, or in which the 
surface concentration of dye is not established 
instantaneously. The curves shown do not support 
the idea of a constant concentration of dye at the 
fibre surface during dyeing. Has the author any 
comments to make on this? 

Dr. BecKMANN: With many dyes, for different 
initial concentrations of dye, the dyeing rate is the 
same in the initial stages (see Table II). This 
indicates that dyeing takes place from a surface 
film of dye which is to a large extent independent 
of dye concentration in the liquor, but not 
necessarily of dyeing time. The reason why the 
graphs of dye absorbed vs. # are not linear may be 
that mentioned by Dr. McGregor. 

Mr. D. Stms: What are the maximum absorp- 
tive capacities of some dyes for Orlon 42? Under 
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what conditions were the rates of dyeing mentioned 
in the paper measured? 

Dr. Beckmann: The saturation concentrations 
of some cationic dyes are given in Table III in the 
reply to Mr. Keaton. Rates of dyeing have been 
measured in a dyeometer at 100°C and usually at 
a liquor ratio 40:1 at a pH of approx. 4-5. 

Dr. McGrecor*: When the kinetics of dyeing 
are considered it is usually extremely difficult to 
differentiate between the kinetics of the diffusion 
of dye and the kinetics of the associated adsorption 
processes. What evidence has the author for the 
statement that the kinetics of the adsorption 
processes render approximate methods for short 
dyeing times (p. 617) unsuitable as a means of 
determining diffusion coefficients? What experi- 
mental conditions were used when this aspect was 
investigated ? 

Dr. Beckmann*: We determined the uptake 
of different cationic dyes by prescoured 3-den. 
Dralon yarn at 50°C in a dyeometer. Measurable 
uptake was complete in a few minutes. It was 
assumed that no diffusion within the fibre took 
place and all the dye absorbed was on the fibre 
surface. Depending mainly on concentration and 
type of dye, we found quantities of 0-05-0-5 mg of 
dye adsorbed per gram of fibre. 

This indicates that for short dyeing times the 
amounts of dye adsorbed at the fibre surface may 
not be negligible as compared with the quantity of 
dye diffused. As it is difficult to differentiate 
between dye adsorbed and dye diffused, the method 
in question seems to be unsuitable unless careful 
studies of the adsorption are also carried out. 

Mr. H. R. Haprietp*: We have had some 
unfortunate experiences with cationic retarders 
when applying basic dyes to acrylic fibres. 
There is a danger, depending upon the relative 
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affinity of the dye and the agent, that the agent 
may be practically exclusively absorbed first, and 
subsequently the dye. In this behaviour, although 
the overall dyeing rate is reduced, in practice there 
is little advantage, because when the agent is 
absorbed the absorption of dye is very rapid and 
practically equal to the absorption of dye in the 
absence of agent. We agree that this behaviour 
can be avoided by using a cationic retarding agent 
with a proper balance of affinity compared with 
the dye, but as the behaviour of the dyes available 
varies very widely with any one agent, such a 
compromise is not generally very satisfactory. 
Dr. Beckmann has hinted that he has met this 
state of affairs when he states “in such cases 
sufficient retarder must be used for the absorption 
power of the fibre for cations to be exceeded, i.e. 
for dye and retarder to be left in the bath after 
dyeing is complete’’. For this reason it is our view 
that an unmodified cationic retarder is not a 
dependable dyeing assistant for basic dyes. Would 
Dr. Beckmann care to comment? 

Dr. Beckmann*: Cohen and Endler”* established 
that the effect mentioned by Mr. Hadfield is 
dependent on the chain length of the retarder, C,, 
giving the most uniform overall rate of dyeing. In 
agreement with Mr. Hadfield’s experience, we 
found that the effect is greater the lower the 
affinity of the dye for the fibre. The passage cited 
by Mr. Hadfield does not refer to this state of affairs 
but to dyeing of uneven fibrous material, where, 
whatever the conditions; different parts of the 
material dye at different rates. 

We agree that cationic retarders of the types 
now available are not suitable for all cationic dyes. 
Most of them are designed for dyes with high or 
medium affinities. Dyes of low affinity are, if 
necessary, retarded by addition of salt. 
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The Interaction Forces between Polyacrylonitrile Fibres and 
Disperse and Cationic Dyes 
F. Fercutmayr and A. Wizz 


Results obtained in the field of theoretical chemistry are utilised to investigate the structure of the 
nitrile group. Recent developments in high-polymer physics are used as a basis to explain the relation 
between the structure of the polyacrylonitrile fibre and its physical behaviour. The interactions between 
the nitrile groups of the fibres and disperse dyes, and also between the nitrile groups and cationic dyes, are 
discussed. Consideration is also given to the interaction between cationic dyes and the anionic groups 
incorporated in commercial polyacrylonitrile fibres under the conditions of pewnenention. Dyeing tests 


have been carried out on cyanoethylated cotton to confirm the correctness o: 


the concepts developed with 


regard to the interaction forces between polyacrylonitrile fibre and cationic dyes. 


Several special ranges of dyes for polyacrylo- 
nitrile fibres are now available, and many of the 
dyeing problems have been solved. Nevertheless, 
sufficient difficulties remain to make a study of the 
behaviour of polyacrylonitrile fibres during dyeing 
worthwhile. These difficulties cannot be overcome 
unless their causes are known, and it is therefore 
essential to study the mechanism of dyeing and 
the interaction forces responsible for the dyeing 
process. Such a study may throw further light 
on the constitution that dyes must have if 
they are to satisfy all the demands made by the 
dyer. 

Much has already been written on the 
mechanism of dyeing of polyacrylonitrile. The 
papers by Glenz and Beckmann’ and by Vogel, 
Bruyne, and Zimmermann? probably give the most 
useful information. These authors conclude that the 
behaviour of polyacrylonitrile fibres of the Dralon 
and Orlon 42 types, when dyed with cationic 
dyes, is due to the anionic groups contained in the 
polymer chains. These investigations are of great 
significance for the practical dyer. They have 
helped the dyer to obtain dyeings with good fast- 
ness to rubbing on Dralon and Orlon 42 and to 
avoid mistakes in the application of retarding 
agents. The determination of the anion equivalent 
of these fibres has made possible the calculation of 
the amount of cationic dye that can be fixed in the 
fibre by heteropolar bonds, The information given 
in these studies is, however, not sufficient to 

vide a comprehensive theoretical under- 
standing of the dyeing properties of polyacrylo- 
nitrile fibres, because it does not explain why 
certain cationic dyes are taken up from the aqueous 
dyebath by these polyacrylonitrile fibres in 
quantities substantially exceeding the anion 
equivalent. 


In this paper an attempt is made to throw further 
light on the dyeing behaviour of polyacrylonitrile 
fibres by utilising results recently obtained in the 
fields of theoretical chemistry and high-polymer 
physics on a molecular basis. We shall deal mainly 
with the interaction forces that are active within 
the fibre and also between the fibre and the applied 


dyes. 


Interaction Forces within the Polyacrylonitrile 
Fibre 


THE NITRILE GROUP 

In order to understand the interaction forces 
within the polyacrylonitrile fibre, we must first 
study the properties and structure of the nitrile 
group, as this group is the essential feature of the 
polyacrylonitrile fibre. 

The nitrile group is known to be very strongly 
polar. The dipole moment of aliphatic nitriles in 
the vapour state, e.g., is approx. 40p*. This 
indicates that the cohesive forces within the poly- 
acrylonitrile fibre are based mainly on a dipole— 
dipole interaction. Before discussing this problem 
in detail, it is advisable to study the linkage 
conditions within the nitrile group on the basis of 
modern quantum chemistry and to discuss the 
reason for this high dipole moment. 

It is still often assumed that the polarity of the 
nitrile group is caused by electron displacements 
within the carbon-nitrogen triple bond. Quantum 
chemistry, however, provides us with more precise 


. information on the structure of this group*, and 


leads us to believe that its polarity must be 
regarded as the sum of several components, known 
as partial moments. 

A substantial proportion of the polarity of the 
nitrile group is due to the Jone electron pair on the 
nitrogen atom. Owing to its asymmetric charge 
distribution, this electron pair contributes an 
“atomic” dipole to the total moment of this group. 
It must also be assumed that the bond between the 
carbon atom of the aliphatic chain and that of the 
nitrile group also exhibits an asymmetric charge 
distribution owing to the varying valency state of 
the two atomsf, and that this asymmetric charge 


* p = Debye = 10-* ¢.s.u.-cm. 
t The following “‘bond moments” for carbon-carbon linkages have 
been Petro *— 


determined by 

= 0-69D (toluene) 

Cyps w= 148D (propyne) 

115D (phenyl acetylene) 
The following ‘‘bond moments” for carbon—hydrogen have 
been determined by various workers (see Petro 4) from infrared 
measurements— 

H-C = 0-31D (methane) 

a = 0-63D (ethylene) 

H-,, a= 1-05D (acetylene) 
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Partial dipole moments 


© Carbon atom in sp* valence condition 
@ Carbon atom in sp valence condition 
O Nitrogen atom in sp valence condition 


Fig. 1— Electronic structure of the aliphatic nitrile group 


distribution contributes a “bond” moment to the 
total moment of the nitrile group. The third 
component to be considered is the asymmetric 
charge of the carbon—nitrogen triple bond. 

To illustrate these concepts, Fig. 1 shows the 
electronic constitution of the nitrile group in a 
manner which demonstrates the linkage conditions 
and the various partial moments. The elongated 
black blob indicates the lone electron pair on the 
nitrogen atom. This electron pair has a special 
charge distribution, which is directed away from 
the nitrile nitrogen. As we shall see later, this lone 
electron pair is the decisive partial dipole for the 
interaction between the nitrile groups and cationic 


dyes. 


COHESIVE FORCES WITHIN THE POLYACRYLONITRILE 
FIBRE 


Previous studies of the interaction forces within 
the polyacrylonitrile fibre were based on the 
assumption that the polymer chains of this fibre 
are held together by hydrogen bonds between the 
tertiary carbon atoms and the nitrile groups”. 
Thus, it was assumed that these secondary valence 
bonds formed planes in the polyacrylonitrile °. 
Recent experimental and theoretical studies 
have thrown further light on the nature of the 
hydrogen bond, and it is now doubtful whether the 


\ \ \ / 


cohesive forces within the polyacrylonitrile fibre 
are based on hydrogen bonds’. Measurements of 
nuclear resonance to investigate the inductive 
effect of the nitrile group* do not justify the 
assumption that the carbon-hydrogen bond of 
the tertiary carbon atom is so strongly polarised 
as to permit it to form a hydrogen bond with the 
nitrile group. 

In addition, investigations by Saum ® into the 
association of nitriles may now render it necessary 
to revise past concepts concerning the interaction 
forces within this fibre, and thus obtain further 
information on interaction with dyes. By com- 
paring the physical properties, e.g. boiling point, 

eat of vaporisation, and viscosity, of primary, 
secondary, and tertiary nitriles, Saum was able to 
show that the association of nitriles to form dimers 
must be due to a pronounced dipole-dipole 
interaction between two nitrile groups. He used 
the expression “CN-dipole pair bond”, as an 
analogy to the hydrogen bond, and the interaction 
energy of this CN dipole pair bond is approx. 
8 kcal. 


PHYSICAL PROPERTIES OF POLYACRYLONITRILE 
FIBRE 


In this section the results of investigations in 
high-polymer physics will be employed to describe 
the physical behaviour of polyacrylonitrile fibre. 
It is known that the dyeing properties of a fibre 
are heavily dependent on the non-orientated, non- 
crystalline regions which gre accessible to the dye, 
and also on the conditions governing this 
accessibility. 

X-ray investigations of the fine structure of 
fibres and infrared spectroscopy normally provide a 
good indication of the inner structure of fibres. 
With the aid of these methods it is possible to 
determine the structure of the crystalline regions 
and also the relative amounts of crystalline and 
amorphous regions in many high polymers”. 
Investigations carried out on polyacrylonitrile 
have shown, however, that the usefulness of these 
methods is strictly limited for this polymer. 
Infrared spectroscopic investigation indicates that 
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Fra. 2— Potential energy curve illustrating the “location change” of dye molecules in the fibre 
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polyacrylonitrile is neither amorphous nor 
crystalline; it seems to be mesomorphic. X-ray 
investigations show that polyacrylonitrile fibres 
contain mainly regions with a pronounced lateral 
arrangement of the chain molecules, together with 
small crystalline regions with a three-dimensional 
periodic arrangement of chain segments, which 
appear to have a syndiotactic structure". X-ray 
investigations do not at present provide an 
unequivocal answer to the question whether poly- 
acrylonitrile fibres also contain amorphous regions 
in the conventional sense. As dye is incorporated 
only in the amorphous regions, it is regrettable 
that so little information is available about them. 


Now, if the dye is to have any possibility of 
penetrating into the non-orientated regions of the 
fibre, a process of “location changing’”’ must take 
place, i.e. it must be possible for an incorporated 
dye molecule to move out of the “cage” in which 
it is confined in the fibre and into a neighbouring 
“eage”’ which is still free. When this process is 
demonstrated with the aid of potential energy 
curves (Fig. 2), it is seen that energy must be fed 
to the dye molecule to enable it to overcome the 
barrier between two neighbouring potential energy 
minima (corresponding to the “cages’’ mentioned 
above). This energy is then the activating energy 
necessary for the “location change” ™. 


If processes of this nature are to take place 
within a finite time (normal dyeing time), the 
amorphous components of the fibre, which are 
solidified in a glass-like form, must be at least 
partly in a condition roughly similar to that of a 
liquid. In order to achieve this quasi-liquid 
condition, the fibre must take up sufficient energy 


to excite certain types of motion* in the polymer. - 


It is only then that energy which can be transmitted 
by collision is available, thus providing the 
necessary activation energy for the individual 
processes taking place in dyeing (including, e.g., 
diffusion of the dye). 

In 100% polyacrylonitrile fibre, the amorphous 
components enter into this quasi-liquid state 
within a temperature range around 105°C. This is 
shown by measurements of the shear modulus 
(@’) or, even more clearly, by the position of the 
maximum of the logarithmic decrement of mechani- 
cal damping (A) (see Fig. 3a). The freezing point 
depression of polyacrylonitrile solutions in dimethyl 
formamide also indicates that the polymer acquires 
a glass-like form at approx. 104°C". 


These conditions explain why it was practically 
impossible to dye the original 100% polyacrylo- 
nitrile fibres at temperatures up to 100°C within a 
normal dyeing time. As dyeing under these 
conditions is necessary, however, it was essential 
to lower the temperature range within which the 
amorphous regions of the fibre soften. One method 
of achieving this is by copolymerisation. Very 
suitable comonomers are vinyl acetate and methyl 
methacrylate, as they are almost completely 
amorphous, even in the form of pure polymers. 
Their softening regions, within which certain types 


* Itis necessary to Sn motion of the chain and motion 
side-chains 


of the groups. 


of motion in the polymer are excited*, are around 
50°C (Fig. 3b and 3c). 

Copolymerisation with 5-10°% of these monomers 
causes an increase in the non-orientated regions of 
the fibre. In addition, the amorphous regions begin 
to “thaw’’ markedly at a lower temperature. The 
practical significance of this for the dyer is that in 
copolymer fibres the regions which are solidified in 
a glass-like state become accessible at temperatures 
substantially below the boiling point at normal 
atmospheric pressure. 

The freezing temperature of the glass-like, 
solidified regions in the fibre is often referred to in 
the literature as the “second-order transition 
point”, although this term is not quite correctt. 


Interactions between Fibre and Dye 


In dyeing there is an interaction between the 
dye and the groups of the amorphous regions which 
are capable of attracting or stabilising the dye. It 
is therefore impossible to understand the individual 
processes concerned in dyeing without first 
discussing the interaction forces responsible for 
these processes. 

Investigations on the position of the distribution 
equilibria provide some useful information. Glenz 
and Beckmann’, and Vogel al.?, have studied 
the dyeing equilibria for polyacrylonitrile fibre, 
and their results indicate that the uptake of 
cationic dyes by Dralon or Orlon 42 is governed 
mainly by anionic groups incorporated in the 
fibre during polymerisation. The number of 
molecules of dye taken up by the fibre depends on 
the number of accessible anionic groups, which in 
turn depends on the dyeing temperature. The dye 
uptake curve has therefore the form of a Langmuir 
adsorption isotherm and reaches a saturation 
value. Any further uptake of dye is governed by 
the Nernst distribution law, ie. the dye is 
dissolved within the fibre. 

Whereas only a small amount of some dyes 
dissolves, large amounts of others dissolve, as can 
be seen from the dyeing equilibrium graph 
obtained by Glenz (Fig. 4). It is therefore 
important to know what relation exists between 
the constitution of a dye and the extent to which it 
dissolves within polyacrylonitrile fibres, since such 
knowledge will further elucidate the dyeing 
mechanism of polyacrylonitrile fibres. 


INTERACTION BETWEEN POLYACRYLONITRILE 
FIBRES AND DISPERSE DYES 

If a dye is to be taken up by the polyacrylonitrile 
fibre, it must interact mainly with the nitrile 
groups. Fortunately, the behaviour of this fibre 
during extrusion provides information on the 
interaction forces involved in this process. 

It was originally very difficult to convert 
polyacrylonitrile into fibres because no solvents 


* It is necessary to distinguish between motion of the chain and 
motion of the side-chains and terminal groups. In the softening 
region the main chain is excited. 


+ The first- and second-order transition points are actually the 
temperatures at which changes in state occur, during which the 
whole system is in a condition of thermodynamic equilibrium. The 
“glass transition interval” is the range in which a change from a 
state of equilibrium (liquid) into a “non-equilibrium state” (glass) 
takes place. Glass also tends to a state of equilibrium, but this is not 
achieved within a finite time. 
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Fig. 3— Shear modulus (G@’) and logarithmic decrement of mechanical damping (4) as a function of temperature 


were available. It was only when dimethyl- 
formamide, ethylene carbonate, dimethyl sulph- 
oxide, and other strongly polar solvents were 
employed that it became possible to spin poly- 
acrylonitrile. A characteristic feature of all these 
solvents is a dipole moment of at least 3-6-3-8 D, 


50 100 150 
Dye in dyebath, mg/i. 


Fie. 4— Equilibrium isotherms of cationic dyes on 


n, according to Glenz 


which is of the same order as the dipole moment 
of the nitrile group. 

It can thus be assumed that the interaction 
between the polymer chains and the solvent is 
based on dipole forces. An essential condition is 
that the dipole moment of the solvent is of the 
same order as that of the nitrile dipole, and that the 
resultant dipole is located in a group which occupies 
only a small space. Only under these conditions 
can the solvent, as comparison with compounds 
having an analogous open-chain structure shows 
(Fig. 5), separate the associated polymer chains, 
interact with the nitrile groups, and thus form 
solvent—polymer complexes 


For both the dye chemist and the dyer the 
question arises: Do dyes exist which are capable of 
a dipole-dipole interaction with the polymer 
chains and are thus able to form a dye—polymer 
complex? In other words, are there any dyes which 
can diffuse into the fibre and become stabilised 
within it by the interaction energy liberated 
there? 

It is known that several disperse dyes are 
capable of producing pale, and in some cases 
medium, depths on polyacrylonitrile fibre. A 
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Open-chain compound Dye molecule 


Cyclic compound 


p=41D Solvent 


w= 12D 


w=28D 


w=38D Solvent 


w=38D Solvent 


w=38D Solvent w=40D Solvent The direction of the group 


dipole moment of the amino 
group is unknown 


The broken lines indicate the direction of the 
partial dipole moments of the groups 


Fie. 5 


study of the constitution of these dyes shows 
immediately that they possess structural] features 
similar to those of the solvents mentioned above; 
they all contain a hydroxyl or amino group 
adjacent to a carbonyl group. 

The structural formulae of these compounds 
show that the partial dipole moments of the groups 
are additive, as is also true for the corresponding 
solvents for polyacrylonitrile (Fig. 5). The com- 
parable groups are spatially more distant from one 
another, but the dipole moments of the corre- 
sponding carbonyl compounds, measured in 
benzene *, show that these groups in the dye 
molecule also have a very high total dipole moment 
(Table I). Measurements in benzene of the dipole 
moments™® of the disperse dyes (Table II) 
commonly used for dyeing polyacrylonitrile fibres 
do not provide any reliable information. Symmetry 
conditions in the molecules cause oppositely 
directed moments of the functional groups respon- 
sible for the polarity to offset each other. 

It must also be pointed out that not only the 
dipole-dipole interaction between the dye and the 
nitrile groups, but also induction and dispersion 
forces, play a role which may be of decisive 
importance, as they are closely coupled with the 
electrostatic forces discussed here and increase 
their attraction. 
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Taste I 


Dipole Moments of Compounds with Structures 
Analogous to those of Dye Molecules 


192p 


Dipole Moments of Disperse Dyes in Benzene 
Dye Dipole 


moment 


1-Aminoanthraquinone 

1,4-Diaminoanthraquinone 

1,4-Diamino-2-methoxyanthraquinone 

1-Amino-4-hydroxyanthraquinone 

1,4-Dihydroxyanthraquinone 

1-Methylamino-4-8-hydroxyethylamino- 
anthraquinone 


In conclusion, a comparison of the constitution 
of solvents suitable for polyacrylonitrile and that 
of analogous disperse dyes indicates with a fair 
degree of certainty that dipole-dipole interactions 
are responsible for the interaction between dye 
and fibre. 


INTERACTION 


4 


BETWEEN POLYACRYLONITRILE 
FIBRES AND CATIONIC DYES 


Some indication of the interaction between 
polyacrylonitrile fibres and cationic dyes can be 
found in the behaviour of these fibres toward salt 
solutions. Highly concentrated aqueous solutions 
containing certain uni- and bi-valent ions are able 
to dissolve polyacrylonitrile fibres. The important 
point is that the solvent properties of these salt 
solutions are governed by the type of anion 
contained. This provides a valuable clue to the 
uptake of cationic dyes by polyacrylonitrile fibres. 
Before discussing this problem in detail, however, 
it is advisable to consider generally the condition 
of salt solutions, because this will provide 
information on the behaviour of dye salts in poly- 
acrylonitrile fibres. 

An aqueous solution of sodium chloride is always 
in the ionised state because cations and anions are 
completely hydrated, owing to the electrostatic 
interaction between ions and polar water molecules. 
This interaction may be regarded as the result 
of the arrangement of water molecules around 
the positively charged sodium ion so that 
the negative part of their dipoles faces the sodium 
ion. In the water molecule, too, lone electron 
pairs act as atomic dipoles contributing to the total 
moment”. Owing to their position, they actually 
play the decisive role in the solvation of cations. 
The negative chloride ion is stabilised by the water 
molecules in such a manner that the positive side 
of the water dipole faces the chloride ion. The 
partial moment active in this connection is mainly 
the H-O bond moment (see Fig. 6). 


R= R’=H R’=CH, 
-< » 3-38 D 
Tassie II 
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The connection between the interaction energy 
and the spatial arrangement in dipole-dipole 
interaction (see p. 630), or in the ion-dipole 
interaction discussed here, is demonstrated in 
Fig. 7. The concentration of dipoles results in two 
pronounced spatial arrangements, causing either 
a gain or a loss of energy. In the interaction 
between ion and dipole there is only one arrange- 
ment which is favourable, and only one which is 
unfavourable, from the point of view of energy. 
Between these two extremes there are other spatial 
arrangements which cause neither a gain in nor a 
loss of energy. 

If the stabilisation of ions in polyacrylonitrile 
fibre is regarded in this light, it is seen (see Fig. 1) 
that the nitrile groups contain atomic dipoles 
available for the solvation of positive ions (see 
Fig. 6). In polyacrylonitrile fibre, however, the 


Fia. 6— Solvation of cations and anions by 
(a) water molecules, alky! nitriles 


Neen 


Dipole moment 


Distance = 5A 


Fie. 8— (a) Acrylonitrile chain in isotactic configuration, (b) steric 
arrangement of the nitrile dipoles of polyacrylonitrile fibre, 
showing potential solvation conditions 


positive part of the dipole required for the 
solvation of the negative ion is blocked sterically 
to a large extent by the polymer chain (see Fig. 8). 
Consequently, the energy gained by the stabilisa- 
tion of a negative ion in the fibre cannot be 
significant. Little energy is gained for the solvation 
of dye cations and their corresponding colourless 
anions, when the process is regarded as a whole. 
In order to investigate the validity of these 
oa concepts, we have studied the solvation capacity of 
nitriles for salt-like compounds. The fact that the 
e © rey Hermes amorphous regions of polyacrylonitrile fibres are 
quasi-liquid at high temperatures shows that there 
Fig. 7— Jon-ion, ion-dipole, and dipole-dipole interaction is justification for comparing low-molecular-weight 


cor nitriles with polyacrylonitrile fibres in this manner. 


III 
Solvent Capacity of Nitriles 


H 
©N=C-C=Ne@ H-C=N@ H>C-CaNe 
Good 


Solvent capacity for salts Nil 
Dissociation power 0-9* 0-5t 
Solvation capacity 
(a) Cations Good Good 
(6) Anions Nil Good 


' © Dissociation constant « of 0-1-m KT 
t Dissociation constant « of 0-1-m [(C,H,),N]} I 
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Table III shows the solvation capacity for salts of 
cyanogen, hydrocyanic acid, and the first members 
of the aliphatic nitrile series, for salts. It would be 
expected that only hydrocyanic acid could, 
because of its strong H-C,, dipole, form a true 
solvate with anions as well as with cations. The 
solvent capacity of stabilising anions can be 
expected to decrease in the order acetonitrile, 
propionitrile, ete., as the positive charge of the 
nitrile dipole is increasingly blocked, while the 
positive charge in cyanogen is located in the 
interior of the molecule and cannot develop its 
effect. When the solvation capacity, and in parti- 
cular the dissociation power, of these nitriles are 
compared, it is seen that the structural change is 
evident mainly in the degree of dissociation of the 
dissolved salts. This observation is in conformity 
with the poor solvation power of nitriles for anions. 

Further light is thrown on the stabilising effects 
of solvation by studying the solvent capacity of 
hydrocyanic acid and nitriles for triphenylchloro- 
methane and triphenylbromomethane™. In 
hydrocyanic acid, these compounds are ionised as 
well as dissociated, and therefore the solutions 
conduct electricity well. The processes of 
ionisation and dissociation can be represented as 
follows— 


— 


< OF x@ 


Ion pair 
Covalent bond Associated state 


This indicates that the energy liberated by the 
solvation of the two ions is sufficiently large to 
permit a heterolytic splitting of the homopolar 
bond between the carbon atom and the chlorine or 
bromine atom. In contrast to hydrocyanic acid, 
nitriles produce only a slight dissociation of 
triphenylchloromethane. In the latter case, the 
total solvation energy of cation and anion is 
inadequate to cause a heterolytic splitting of the 
carbon-halogen bond. 

We have also attempted to obtain information 
on the state of solution of dye salts in nitriles by 
determining solubility and measuring conductivity. 
The results of our solubility measurements, which 
were carried out on Crystal Violet (C.I. Basic 
Violet 3) salts, are given in Table IV. They show 
that solubility measurements of this kind provide 
no specific information about the condition of 
dissolved dye salts. On the other hand, 
conductivity measurements indicate clearly that 
dye salts of this type are associated in nitriles. A 
similar association can also be expected in the case 
of cationic dyes containing an external quaternary 
ammonium group. This may be assumed from the 
dissociation constants (a) given in Table III for 
tetraethylammonium iodide. 

Observations made in the past on the behaviour 
of electrolytic solutions in non-aqueous systems 


Dec. 1961 FricutTMayR AND Wirz— INTERACTION BETWEEN POLYACRYLONITRILE AND DYES 633 


Taste IV 
Solubilities (mol %) of Crystal Violet Salts in 
Nitriles 


Solvent Crystal Violet 
cl Br I clo, 
Acetonitrile 1-343 2-259 0-804 1-414 
Propionitrile 0-280 0-574 0-636 0-817 
Butyronitrile 0-280 0-424 0-499 0-499 
Benzonitrile 2-195 2-700 0-960 1-756 


may be of assistance in arriving at a better under- 
standing of these association processes. It has long 
been known that cations and anions combine to 
form an ion pair when the solvent has a low 
dielectric constant and is not capable of solvating 
the individual ions. This can be conceived as a 
process in which the anion is incorporated in the 
solvate envelope of the cation, if the solvent 
cannot solvate the anion. 

The physical behaviour of ion aggregates of this 
type differs from that of solvated ions. Thus, if an 
electric field is applied to a solution of solvated 
ions, the ions (often -with their solvate envelope) 
move in the direction of the oppositely charged 
electrode. Ion pairs, on the other hand, interact as 
polar molecules with the electric field (and also 
with the solvent) and are orientated in this field. 
The dipole moments of quaternary ammonium 


Dissociation 
\ 


@ 


Solvated ions 


salts in benzene solution ™, e.g., can be measured, 
as these salts are almost completely dissolved in 
ion-pair form in this solvent (Table V). 


TaBLe V 
Dipole Moments of Quaternary Ammonium Salts in 
Benzene Solution 
Ammonium Salt Dipole Moment 

(D) 

[(n-C,H,),N)] Br 11-9 

[(n-C,H,),N] ClO, 14] 

[(n-C,H,),N) acetate 11-2 

{(n-C,H,),N) picrate 13-1 

[(n-C,H,),NH) I 8-09 

[(n-C,H,),NH] Br 7-61 

[(n-C,H,),NH) Cl 7-17 


In addition to ion-pair formation, there are 
other ways of forming the most suitable arrange- 
ment, from aspects of energy, in a given solvent. If 
the structures of solvent and solute are suitable, 
there is no reason why two cations and two anions 
should not form an aggregate, which would then 
have the character of a quadripole. It should also 
be possible to form still larger aggregates, multi- 
poles. 

These conceptions of the state of solution of 
salts in nitriles also apply to dye salts in poly- 
acrylonitrile fibres. Here, however, the solvate 
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envelope of the dye cation is not formed completely. 
This is because the nitrile groups in the poly- 
acrylonitrile fibre are firmly attached to the 
polymer chains and thus have very low mobility. 
Only to a small extent are they able to move into 
the positions most favourable from the aspect of 
energy. The dissociation equilibrium of the dye 
salts dissolved in the fibre is, therefore, in favour 
of association. The process of dyeing polyacrylo- 
nitrile fibre which contains no anionic groups with 
cationic dyes is apparently based mainly on the 
incorporation of ion pairs. These are stabilised to a 
varying extent as dipoles by interaction with the 
clipoles of the fibre. 

Some indication of the extent of these ion-pair 
dipoles can be obtained from Table V, in which the 
dipole moments of quaternary ammonium com- 
pounds are given. These values also apply 
approximately to ion pairs of cationic dyes with an 
external basic group. For these dyes ion-pair 
formation is favoured when at least one of the 
valencies of the nitrogen is yot blocked by a large 
group. For instance, if there is only an N—H bond, 
the small space occupied by this bond permits the 
positive and negative ions to approach one another 
closely, thus releasing sufficient interaction energy 
for a very stable ion pair to be formed. If the 
proton is replaced by a methyl group, the situation 
is less favourable for the formation of an ion pair. 
The variations in the position of the Nernst 
distribution equilibrium of various cationic dyes, 
i.e. the solution mechanism, can thus also be 


regarded as being due to variations in the capacity 
for forming associates. 


‘INTERACTION BETWEEN CYANOETHYLATED 
COTTON AND CATIONIC DYES 

The dyeing properties of a fibre depend not only 
on the number of groups which attract and combine 
with dyes, but also on the accessibility of these 
groups. In pure acrylonitrile polymers, not all 
the nitrile dipoles capable of solvating dye 
cations, including those in the amorphous regions 
of the fibre, are readily accessible. As a control, 
we have carried out tests on cyanoethylated cotton 
on the’ assumption that the nitrile groups of 
this fibre are readily accessible and can freely 
develop their attraction for the dye cation. 


Fie, 9— Cations and anions in cyanoeth fetes cotton, 
showing potential! solvation co’ 
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Cotton has a high adsorption capacity for 
anions. This is without doubt connected with the 
fact that the solvate envelope of anions in alcohols 
in general is exceptionally well formed. Cyano- 
ethylation modifies the cotton in such a manner 
that the fibre can be expected to form good 
solvates for cations as well as for anions. And, 
indeed, in dyeing with cyanine dyes, it is found 
that the depth of dyeing obtained increases as the 
nitrile group content of the cyanoethylated cotton 
increases, although the dyes employed cause no 
significant staining of cotton or of acrylic fibres 
containing no anionic groups. 

Fig. 9 provides an illustration of a possible way 
in which a cationic dye is stabilised in cyano- 
ethylated cotton. Although several other factors 
which have not yet been investigated are doubtless 
concerned in the process, we feel that the results 
obtained are an indication of the correctness of the 
concepts developed above. 


INTERACTION BETWEEN POLYACRYLONITRILE 
FIBRES CONTAINING ANIONIC GROUPS AND 
CATIONIC DYES 


The cohesive forces in even the amorphous 
regions of pure polyacrylonitrile fibre are so high 
(the glass-transition point is above 100°C) that dye 
in boiling dyebaths diffuses only very slowly into 
the fibre to interact with the nitrile groups. In 
order to overcome this difficulty, fibre manu- 
facturers have loosened the structure of poly- 
acrylonitrile by means of copolymerisation, with 
the result that— 

(1) The amorphous regions have been 
enlarged, and the freezing range of the amorphous 
regions has been extended to cover lower 
temperatures. 


(2) Groups with affinity for the dye have 
sometimes been incorporated. 

In the case of polyacrylonitrile fibres containing 
no anionic groups, we have seen that the incorpora- 
tion of cationic dyes is possible only when cation 
and anion are solvated simultaneously or when an 
ion associate is stabilised. In all] cases, the anion 
associated with the dye cation must be incorpora- 
ted in order to maintain electrical neutrality. 
If the fibre contains anion-forming groups resulting 
from the process of polymerisation, incorporation 
of the anion associated with the dye cation becomes 
unnecessary. Obviously, this is a far better 
method, from aspects of energy, than the simul- 
taneous uptake of dye cations and dye anions. 

The nitrile groups of polyacrylonitrile fibre have 
only low mobility and are unable to solvate cations 
and anions completely. It can therefore be assumed 
that the dye cations form ion pairs with the anionic 
groups of the fibre. In this case, this means that 
the anion polymerised into the fibre forms part of 
the solvate envelope of the dye cation*. 

In connection with the ion-pair formations 
discussed here, it is not possible to give any 
definite information on the connection between 
chemical constitution and interaction energy. For 
* This ion-pair formation is generally referred to in the literature as the 

mechanism of salt formation. e feel that the term 


formation” is preferable, as it is more closely related to the 
used in general chemistry. 
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the purposes of practical dyeing, however, the 
structure of all dyes belonging to one range should 
be based on the same principle, in order to ensure 
minimum variation between the interaction 
energies for ion-pair formation with the individual 
dyes. If this is not so, it will be very difficult to 
select dyes with the same rate of uptake when 
mixture dyeings are to be made. 

The main groups of cationic dyes employed 
today in dyehouses in Europe for dyeing poly- 
acrylonitrile fibres of the Orlon 42 and Dralon 
types either contain an external quaternary 
ammonium group or have a quaternary nitrogen 
atom incorporated in the chromophoric system. 
The essential difference between these two groups 
is that the positive charge in dyes with external 
quaternary ammonium salts is localised, whereas 
in dyes of the cyanine type, e.g. Basacryl dyes, 
it is partly delocalised. 

In dyes of these two types, the spatial conditions 
in respect of the electronic structure of the molecules 
for the ion-pair formation mentioned above vary. 
These variations have an influence on the amount 
of interaction energy liberated, which in turn 
governs the affinity of the dye. This may help to 
explain the variations in the fastness to cross- 
dyeing of dyeings of cationic dyes. 

In summarising the methods whereby dyes are 
bound in various types of polyacrylonitrile fibres, 
we find that there are specific “linkage com- 
ponents’. These components are specific for each 
dye and depend on the constitution of the dye 
salt. Thus, in dyeing polyacrylonitrile fibre, it may 
be assumed that the process of dye incorporation 
is the result of several individual processes, 
including the following— 

(a) ion-pair formation between dye cation 
and the anionic groups incorporated in the fibre by 
polymerisation 

(6) ion-pair formation between dye cation 
and dye anion 

(c) solvation of dye cations and the anionic 
groups incorporated in the fibre by polymerisation 
(the anion incorporated by polymerisation is not a 
direct component of the solvate envelope of the 
dye cation) 

(d) solvation of dye cation and dye anion. 
For processes (a) and (c) the anionic fibre equivalent 
is of significance, while processes (b) and (d) are 
governed by the mechanism of solution. The total 
affinity of the dye for the fibre is therefore the sum 
of a number of affinity factors, each of which is 
based on specific interaction forces. 


For tie ion-pair formation between dye cation 
and anionic group (a), the equilibrium is mainly in 
the direction of dye incorporation in the fibre. The 
counter-reaction to (a), coupled here with ion-pair 
formation, consists in the donation of a proton 
(hydroxonium ion) to the liquor, and it is obvious 
that this total process leads to the liberation of a 
large amount of energy. The solution process (5) 
and (d) consists in the following reactions. Dye 
cation and the colourless anion, which are hydrated 
in the liquor, lose this hydrate sheath when they 
enter the fibre, and solvate in the polyacrylonitrile 
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fibre as ions or as an ion-pair (dipole molecule). 
The energy balance is obviously far less favourable 
for this process than for ion-pair formation with 
the anionic group incorporated by polymerisation. 
This solution process thus permits in most cases 
only a very slight uptake of dye by the fibre. 
Exceptions occur when, for steric reasons, reactions 
take place between dye cations and dye anions with 
formation of aggregates which can be exceptionally 
readily solvated in the fibre. 


Electrokinetic Potential of 
Polyacrylonitrile Fibre 

We have hitherto been concerned mainly with 
interactions occurring in the polyacrylonitrile 
fibre. In order to understand the processes involved 
in the dyeing of this fibre, however, we must also 
discuss the interactions which occur at the fibre— 
liquor interface. 

A factor which may assist us in this respect is the 
electrokinetic potential (zeta potential) of the 
fibre. Glenz and Beckmann! measured this quantity 
for Dralon. They found that this fibre acquires a 
strong negative charge when immersed in water. 
This charge becomes even greater when salts are 
added in small quantities, but decreases with 
increasing salt concentration. When cationic 
dyes which are suitable for dyeing polyacrylo- 
nitrile fibre are added, even in small quantities, 
this causes a change in sign of th charge on the 
fibre. Glenz and Beckmann also observed that 
the zeta potential also. influences the rate of 
absorption of cationic dyes by fibres of the Dralon 
type. Their results indicate that the zeta potential 
provides a useful basis for discussion of the 
interaction forces operating at the fibre interface. 
Further experimental work is, however, necessary 
before an attempt can be made to interpret the 
interfacial processes as molecular phenomena. 

* 
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Discussion 


Dr. W. Beckmann: Can you explain the high 
value of the activation energy of dyeing in the 
region 80-130°C? 

Dr. Feicurmayr: The activation energy of 
dyeing is more or less the same as the activation 
energy of dye diffusion. Diffusion of dye in the 
fibre is by far the slowest reaction involved in the 
whole process of dyeing, and it thus governs the 
kinetics of the process. If the fibrous material is 
homogeneous in respect of the interaction between 
dye and fibre, the activation energy of diffusion 
can be defined as follows: it is the energy required 
to form a sufficiently large hole in the fibre near 
the dye molecule to permit a location change of the 
incorporated dye molecule (see Barrer, R. H., 
Trans. Faraday Soc., 35, 644 (1939); Patterson, D., 
and Sheldon, R. P., ibid., 55, 1254 (1959)). 

With polyacrylonitrile, however, the conditions 
are different. Dyeing of this material is clearly 
based on a specific interaction between the dye 
cations and the anionic groups in the fibre. The 
dye molecule does not, therefore, move along an 
equipotential surface when it migrates from anion 
toanion. We believe, therefore, that the relatively 
high activation energy of dyeing of polyacrylo- 
nitrile with cationic dyes (approx. 70 kcal/mole) 
reflects not only the “process of hole formation” 
but also the potential curve between these centres 
of high affinity. 

The activation energy of dyeing of polyester 
fibre with disperse dyes may serve as a comparison. 
This activation energy should be lower than that 
for polyacrylonitrile, since the system polyester— 
disperse dye is homogeneous with regard to the 
interaction between fibre and dye. The process of 
hole formation should, therefore, be the sole factor 
determining the activation energy. The studies of 
Patterson and Sheldon show that the activation 
energy of this dyeing process, 50 kcal/mole, is, in 
fact, considerably lower. 

Dr. R. McGrecor: Were the measurements 
of physical properties made on dry material or on 
material which contained moisture? This may be 
important in view of the known effect of moisture 
on the physical properties of other substrates. 

Dr. Wirz: The data on the physical properties 
of individual high polymers given in our paper 
have been taken from the literature. We know, 
however, that the measurements were made on dry 
material (private communication K. 
Schmieder). 

The moisture content of polyacrylonitrile should 
have hardly any influence on the physical proper- 
ties. If the maximum molar amount of water 


absorbed is divided by the number of polar (CN) 
groups present, it is obvious that there is no 
specific interaction between CN and H,0. 

With polyamide fibres, the situation is different. 
A comparison of the maximum molar amount of 
water absorbed by this fibre with the number of 
polar (acid amide) groups present shows that the 
two values are of the same order. Since the water 
molecules in this fibrous material attach them- 
selves in clusters to the acid amide groups, in many 
cases probably with rupture of the hydrogen bonds 
(C=O--H---N) between neighbouring chain mole- 
cules, the cohesive forces in the fibre are changed 
substantially. It is not surprising, therefore, that 
the physical properties of polyamide fibres are 
strongly affected by the moisture content (see 
illers, K.-H., Makromol. Chem., 38, 1968 (1960)). 

Mr. H. R. Haprretp: The authors have shown 
that certain solvents reduce the second-order 
transition point of acrylic fibres. There is evidence 
that in the dyeing of polyester fibres the action of 
so-called carriers is to reduce the second-order 
transition point. No suitable carriers are available 
for unmodified acrylic fibres and it is suggested that 
the reason for this is that the solvents which lower 
the transition point of the fibre are powerful 
solvating agents for the dye. Would the authors 
agree with this view? 

Dr. Wirz: We have pointed out in the paper 
that copolymerisation can shift the glass-transition 
interval to lower temperatures. Copolymerisation 
can therefore be regarded as internal plasticisation. 
This question concerns the external plasticisation 
of the fibres by carriers. Recent investigations 
into the action of carriers (see Wiirz, Melliand 
Textilber., 42, 913 (1961)) show that the glass- 
transition interval of polyester fibres is increased 
by drawing or stretching of the fibre. Carriers 
reduce the glass-transition interval again, thus off- 
setting, to some extent, the effect of drawing. This 
explanation apparently does not apply, however, to 
all carriers. 

In the case of polyacrylonitrile fibre, the glass- 
transition interval is not affected by drawing. For 
this reason, the drawn fibres can be dyed at 
temperatures below 100°C in a finite time. If, 
despite this, carriers are to be used to increase the 
rate of dye uptake, only compourds which are 
strongly polar should be employed, e.g. dimethyl 
formamide and ethylene carbonate. When mixed 
with water in certain proportions, these products 
may act as plasticisers. The aqueous phase would 
probably have to contain a high proportion of 
organic components, and this would certainly 
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influence the position of the dyeing equilibrium. 
Special investigations would have to be carried 
out for each individual dye to determine how 
strongly this equilibrium is shifted in the direction 
of solution, because the solvation conditions for 
the ions of the dye salt are dependent on several 
factors. 

Mr. Haprreip: ‘Have the authors considered 
using flexual rigidity as a means of examining the 
effect of solvents on the external structure of 
acrylic fibres? 

Dr. Wirz: We have not carried out any 
physical measurements on polyacrylonitrile fibres 
treated with solvents. 

Mr. G. H. Crawsnaw: I should like to point 
out another disadvantage associated with the use 
of carriers. The second-order transition point of 
acrylic fibres is already rather low, and above it 
the fibres are very plastic. Because of this, great 
care is required in order to ensure that yarns and 
fabrics are not physically distorted when being 
dyed. Carriers have already been referred to as 
plasticisers; we have found that some carriers do 
indeed act as plasticisers for acrylic fibres, lowering 
the second-order transition point and increasing 
the difficulties of handling the material. Do the 
authors agree that this effect is likely to be general? 

Dr. Fercutmayr: The distortion resistance of 
the whole polyacrylonitrile fibre (oriented and 
amorphous regions) depends on the plastic 
behaviour of the amorphous regions. It is to be 
expected, therefore, that any carrier which acts as 
a plasticiser, i.e. shifts the glass-transition interval 
to lower temperatures, also shifts the “plasticity 
limit’’ similarly. The ideal carrier for poly- 
acrylonitrile dyeing would, therefore, have no 
plasticising effect at all. It is an open question, 
however, whether any such substance exists. 

Dr. McGrecor: Have any measurements been 
made of the activation energy of diffusion in 
acrylic fibres above and below the second-order 
transition point! 

Dr. Feicurmayr: Glenz and Beckmann have 
pointed out that the activation energy of dyeing 
of Dralon with cationic dyes at 80-130°C is 
approx. 70 kcal/mole. As the diffusion of the dye 
into the fibre is the slowest reaction in the whole 
dyeing process, this value can be regarded as the 
activation energy of diffusion above the glass- 
transition interval. We do not know of any 
measurements which have been made of the 
activation energy of diffusion below this interval. 

Dr. Beckmann: In contrast with the dyeing 
of polyester fibres, carriers for increasing the rate 
of dyeing of acrylic fibres are usually not necessary, 
because the rates of dyeing near the boil are much 
higher than those of polyester fibres. In many 
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cases the rate of dyeing is so high that a retarder 
is necessary. 

Dr. Patterson: Have the authors been able 
to find any direct connection between the loss peak 
at 105°C and 5 c/s shown in Fig. 3(a) and any 
molecular process in the fibre structure allowing 
the diffusion of dye molecules within it? 

Dr. Wirz: The loss peak at approx. 100°C is 
due to the fact that the molecular chains become 
mobile at this temperature. The results hitherto 
obtained do not indicate whether the location 
changes are confined to the amorphous regions or 
also oceur in the oriented zones. 

Mobility of the molecular chains is an essential 
condition for activation energy (see Fig. 2), and 
thus for the diffusion of dye into the fibre. The 
close connection between chain mobility and dye 
diffusion can also be demonstrated by using a 
concept derived from Barrer (see reply to Dr. 
Beckmann’s first question). The chain molecules 
must be so mobile that they form a sufficiently 
large hole near the dye to permit migration of dye 
as a result of the concentration gradient. 

Dr. Ing. H: C. A. van Brex: If the activation 
energy required for diffusion of dyes in the poly- 
acrylonitrile fibre is high at room temperatures, as 
illustrated in Fig 2, would this explain the high 
light fastness of certain dyes on acrylic fibres? As 
has been shown on several occasions, fading of 
dyes proceeds by reaction of the dye with sub- 
stances or groups present in the substrate. The 
high light fastness of certéin dyes on acrylic fibres 
may be mainly due to the unreactivity of the 
substrate but perhaps also partly to the slow 
diffusion of active agents. 

Dr. Fetcntmayr: It is feasible that the high 
light fastness of basic dyes on polyacrylonitrile 
fibres is due to several factors, including (a) 
chemical inertness of polyacrylonitrile fibre to 
basic dyes in the original and in the light-excited 
condition, and (b) exceptionally small coefficients 
of diffusion of the dye molecules below the glass- 
transition interval. 

We are convinced that factor (a) is of decisive 
importance. It can be assumed that it is the 
diffusion not of the activated dye molecule but 
of atmospheric oxygen within the fibrous material 
that is mainly responsible for the photochemical 
decomposition of the dye molecules. Numerous 
investigations have clearly shown that photo- 
chemical destruction of dyes occurs only when 
oxygen is present. We also know from the studies 
of Schulz and Gerrens that appreciable diffusion of 
oxygen is possible in high-molecular substances, 
even below the glass-transition interval. We are 
therefore led to conclude that the chemical 
reactivity of the substrate is of decisive importance 
for the light fastness of dyeings. 
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Coloration of Plastics, with special reference to Polyolefins 


C. MusGRAvVE 


An attempt is made to summarise the general properties of plastics colorants and to suggest which 
class is most likely to yield satisfactory results in particular plastics. Because of the growing importance 
of polyolefins, the coloration of these polymers is dealt with in greater detail. Dispersibility, stability to 

ing (heat stability), chalking, light fastness, and toxicity must all be taken into consideration in the 


selection of suitable colorants. 


Introduction 

In the wide variety of industries where colour is 
used, problems arise which are common to all, 
e.g. brilliance, hue, permanence in the end-product, 
and price. In addition, many problems in the 
coloration of plastics are created by the conditions 
required for their processing and fabrication. 

The vast majority of plastics are coloured either 
with pigments, which disperse, or dyes, which 
dissolve in the plastics mass during compounding. 
The temperature and time of compounding may 
vary from a few minutes at 100°C for casein to 
30 min at 300°C for certain polyolefins. Moreover, 
the environment is seldom chemically inert, and 
acid, alkaline, oxidative, or reducing conditions 
may exist or develop owing to the thermal break- 
down of the system. The combined effects of time, 
temperature, and reactive medium frequently lead 
to marked colour changes in the colouring matter, 
or even to its complete breakdown. The degree to 
which a colorant withstands these conditions is 
termed its “stability to processing’ or, more 
simply but less accurately, its “heat stability’’. 

Thermoplastics of the flexible type, e.g. poly- 
olefins and plasticised polyvinyl chloride (pvc) 
cannot be satisfactorily coloured with soluble dyes 
since these tend to crystallise in the mass on 
cooling and ageing. This leads to the appearance 
of crystals of colorant on the surface of the plastics 
(a phenomenon known as chalking, blooming, or 
crocking), or to bleeding of the dye from the 
plastics into material with which it is in contact 
(generally called migration or bleeding). Many 
pigments having negligible solubility in plastics 
systems at room temperature are much more 
soluble when the temperature is raised during 
compounding, and chalking or migration may 
still oceur. The severity of such effects depends on 
the colorant, the temperature of compounding, and 
the nature and formulation of the medium. 

In the early days of the industry, the mass 
coloration of plastics was fairly simple since the 
existing products, namely casein and celluloid, 
were not subjected to high-temperature processing. 
Hue and light fastness were the main criteria of 
acceptance of a colorant, and it was possible to 
satisfy them by selecting from existing textile dyes 
those cellulose acetate dyes which disperse well in 
solvents and water. The advent of the phenolic 
plastics, processed at temperatures in the region of 


170°C and in conditions of considerable chemical 
activity, first drew attention to the need for 
“heat-stable” colours. The subsequent develop- 
ment of plasticised pve and later of the polyolefins 
highlighted the hazards of colour chalking and 
migration. Studies of these problems revealed the 
marked influence of compound formulation on 
colorant stability, in particular light fastness, not 
only during processing but also in service life. 

Since compound formulations, environmental 
conditions, and compounding and processing 
temperatures are almost infinitely variable, the 
basic problem of colouring plastics is highly 
complex; thus it is not possible to present even a 
small range of colorants which are universally 
applicable. On the other hand, workers in this 
field have gradually built up a knowledge of these 
factors for individual plastics, and this knowledge, 
coupled with an understanding of the chemical 
constitutions of the various dyes and pigments 
available, makes it possible to reduce the 
preparatory work required before a selection can 
be made. 

In this paper an attempt is made to summarise 
the general properties of plastics colorants and 
to suggest which class is most likely to yield 
successful results in particular plastics. Because 
of the growing importance of polyolefins, the 
coloration of these polymers is dealt with in greater 
detail. It cannot be too strongly emphasised that 
the data listed are intended as a starting point 
from which an initia! selection can be made. It is 
essential to test the chosen colorant in the actual 
medium and under the precise conditions of com- 
pounding and fabrication that will ultimately be 
used in bulk production. 


Classification of Plastics Colorants 

Many methods of classifying colouring matters 
are possible, according to the application for which 
they are required. The simple system suggested 
here is designed to furnish the broadest basis for 
compacison between the different groups of 
colorants of major importance to the plastics 
industry; therefore, no mention is made of groups 
of lesser potential use, e.g. reactive dyes and 
pigments produced by reaction of basic dyes with 
complex inorganic acids (complex toners). 
Colouring matters are initially divided into two 


groups, dyes and pigments. 
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DYES 
Dyes are colorants that are soluble in the 
plastics system. These may be conveniently 
divided into three sub-groups, namely acid, basic, 
and solvent-soluble. 


Acid Dyes 

This sub-group comprises water-soluble acid 
wool dyes and includes many that are fairly soluble 
in alcohol, e.g. Orange IT (C.I. Acid Orange 7) and 
Erioglaucine Supra (C.I. Acid Blue 1). Acid dyes 
are generally resistant to dilute acids, alkalis, and 
reducing agents and, with certain exceptions, will 
withstand fairly high temperatures. They give 
reasonably bright hues but have the defects that 
they bleed from the plastics into soap and detergent 
solutions and may be extracted with solvents. 
Since they are not substantive to most plastics, 
their properties in these media cannot be related 
to their properties on wool. This is particularly 
true of light fastness since, almost without 
exception, the acid dyes have poor light fastness in 
plastics. Nevertheless, water-soluble acid dyes are 
used for the mass coloration of casein and the 
alcohol-soluble ones for phenolic plastics, where 
their indifferent light fastness is of minor import- 
ance, owing to the fugitive nature of the base. 


Basic Dyes 
Basic dyes form a well-known class of wool dyes 
of very high brightness and intensity. They are 
highly soluble in alcohol, which would suggest 
useful applications in several plastics. Unfortu- 


nately, heat stability and a fastness are 
generally inadequate, and only Methyl Violet (C.I. 
Basic Violet 1), Victoria Blue B (C.I. Basic Blue 
26) and the Rhodamines (e.g. C.I. Basic Violet 10, 
C.I. Basic Red 1) are used to any marked extent. 
The blue and violet dyes are satisfactory shading 
components for black phenolic plastics, whilst in 
these media bright bluish reds are obtained with 
the Rhodamines. Rhodamines are also used in 
cellulose acetate and nitrate plastics, since they 
are unequalled in brightness and fluorescence. 


Solvent-soluble Dyes 

This group comprises a variety of dyes of widely 
differing chemical composition, ranging from the 
simple monoazo hydrocarbon-soluble dyes, e.g. 
Fat Orange R (C.I. Solvent Yellow 14) to the more 
complex anthraquinonoid dyes, e.g. C.I. Solvent 
Blue 21. They possess good to excellent heat 
stability, especially in less chemically reactive 
polymers (e.g. polystyrene) and find considerable 
favour in the crystal grade for the production of 
transparencies. They should not be used in 
plasticised pve or the polyolefins, since bleeding or 
chalking will inevitably occur. 

The alcohol-soluble Nigrosines (e.g. C.I. Solvent 
Black 5) and Indulines (C.I. Solvent Blue 7) are 
very important members of this group, being 
extensively used for blacks in phenolic and 
cellulosic plastics. They are not, however, con- 
sidered satisfactory for polystyrene since they give 
rise to surface blemishes on the finished moulding, 
an effect known as “fish scaling”. Several of the 


solvent-soluble dyes are used for colouring poly- 
ester resins. Careful selection is necessary, since 
most soluble dyes interfere with the hardening 
characteristics of the resin. 


PIGMENTS 


Pigments are of immense value to the plastics 
industry since they are used to colour at least 
90% of all coloured plastics.. They can be divided 
into two main groups, inorganic and organic. 


Inorganic Pigments 
These are opaque, of high density and of limited 
colour range. In comparison with organic pigments, 
they are rather dull and rapidly lose both strength 
and brightness on reduction with white pigments. 
Although not generally resistant to chemical 
attack by :cids and alkalis, they are very stable to 
heat in inert systems and, except in certain special 
cases, very fast to light. Inorganic pigments may 

be further subdivided as follows— 


Chrome Pigments 

Chrome pigments provide a range of yellows 
(C.I. Pigment Yellow 34) and oranges (C.I. 
Pigment Orange 21) of good but not outstanding 
heat stability. They tend to darken on exposure 
to daylight and, being based on lead, may be 
attacked by sulphur when exposed in industrial 
atmospheres. They are rapidly attacked by alkalis 
and therefore are not widely used for colouring 
heavily filled vinyl flooring compounds. Since 
they are insoluble in esters, hydrocarbons, ketones, 
etc., they may safely be used in plasticised pve and 
polyolefins without risk of chalking or migration. 
They are also used for colouring cellulose, acrylic, 
and polystyrene plastics. 


Cadmium Pigments 

The yellow (C.I. Pigment Yellow 37), orange 
(C.L. Pigment Orange 20) and red (C.I. Pigment 
Red 108) regions of the spectrum are spanned by 
the cadmium sulphides and sulphoselenides. They 
have excellent heat stability and very good fastness 
to light, although the yellow bleaches rapidly on 
exposure in moist atmospheres when reduced with 
white pigment. They are insoluble and chemically 
inert, except in presence of acids, and form a most 
versatile range of plastics colorants, bei 
extensively used in pve, polystyrene, an 
polyolefins. Their main disadvantage is their lack 
of tinting power (about 20% of that of organic 
pigments), which makes their use rather costly. 


Ultramarines 


The ultramarines are notable as bright reddish 
blues. Being calcined products, they have excellent 
heat stability but are sensitive to acids, and a 
tendency for the free sulphur to react with 
stabilisers in pve plastics may result in change of 
hue during processing in these systems. The 
pean disadvantage of the ultramarines is their 
ow tinctorial strength. 


Tron Oxides 


The colours of the natural and synthetic iron 
oxide pigments range from yellow to red, brown, 
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maroon, and even black. They are dull and 
tinctorially very weak but are cheap. Heat stability 
and light fastness are excellent in most systems, 
but degradation of pve tends to occur unless large 
amounts of stabiliser are present. For this reason, 
they cannot be recommended for application to 
polyvinyl! plastics, although they are often used 
with success in vinyl flooring. They are parti- 
cularly attractive in phenolic moulding materials 
for the production of inexpensive browns. 


Organic Pigments 

Organic pigments provide an extensive range of 
bright, transparent colours of high tinctorial 
strength. They are generally more resistant to 
chemicals but less stable than inorganic pigments 
and, although there is an ever increasing number of 
exceptions, less fast to light. From the large 
number available, the following classes are of 
interest to the plastics industry. 


Entirely Organic Pigments 

These are monoazo, disazo, and polyazo pigments 
free from metals and sulphonic and carboxylic 
acid groups. 

Typical monoazo pigments are Toluidine Red 
(C.1. Pigment Red 3), arylamide yellow (C.LI. 
Pigment Yellow 1) and BON/arylamide red (C.I. 
Pigment Red 7). The good light fastness of these 
pigments is not matched by their resistance to high 
temperatures and they can seldom be processed in 
plastics above 170-180°C without suffering break- 
down. They are all soluble to varying degrees in 
thermoplastics, e.g. pvc, cellulose acetate, and 
polyolefins, and hence chalking or migration 
occurs. Because of their strength, brightness, 
light fastness and comparatively low cost, they are 
widely used for colouring phenolic, urea, and 
melamine plastics. 

The more important members of the disazo 
pigments are the yellows, oranges, and reds based 
on dichlorobenzidine, e.g. C.I. Pigment Yellow 13, 
C.I, Pigment Orange 13, and C.I. Pigment Red 38. 
Their heat stability is far superior to that of the 
monoazo pigments and, because of their higher 
molecular weight and greater complexity, they are 
less soluble in organic solvents. They can therefore 
be used in plasticised pvc, cellulose acetate, and 
polyolefins, although the less complex members 
(e.g. C.I. Pigment Yellow 12) migrate rather 
heavily when incorporated at low concentration in 
plasticised pve. Light fastness in most plastics is 
adequate, except when pastel shades are required. 
Monoazo pigments are preferred for thermosetting 
plastics on economic grounds. 

The few available (red-maroon) polyazo pig- 
ments show better heat stability and light fastness 
than the monoazo and disazo types, although they 
are somewhat less bright. They find increasing 
use in high-temperature-processed polyolefins and 
polystyrene, and are of special interest where 
pastel shades of good light fastness are required. 


Metal Toners 


Toners (in this classification) are heavy-metal 
(Ba, Ca, Mn) salts of sparingly water-soluble azo 
dyes prepared without a substrate. They are 
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strong and bright, and generally have good fastness 
to heat, but not to alkali. The most important 
ones for application to plastics are the Barium, 
Calcium, and Manganese 2B Toners (C.I. Pigment 
Red 48), Barium Lake Red C (C.I. Pigment Red 
53), Calcium 4B Toner (C.I. Pigment Red 57), 
and two yellows, Irgalite Yellow WSC (Gy) and 
Irgalite Yellow WSR (Gy), of unpublished consti- 
tution. Light fastness, which varies appreciably 
from toner to toner, is highest for the yellows. The 
Calcium and Manganese 2Bs, although somewhat 
less stable, are adequate for most applications, but 
Calcium 4B and Barium Lake Red C are rather 
fugitive, especially if used at low concentration. 

Because of their low solvent solubility, toners 
do not migrate or chalk and, having the added 
advantage of low cost, are used widely in both 
thermoplastic and thermosetting systems, e.g. 
phenol-formaldehyde, pve polyolefins, poly- 
styrene, and acrylics. 


Metal Complexes 


In metal complexes the metal is chelated instead 
of forming a salt as in metal toners— its purpose is 
to give stability toward heat and solvents. The 
members of this group are relatively few and will be 
discussed individually. 

Pigment Green B (C.I. Pigment Green 8) This is 
the well-known iron complex of «-nitroso- 
B-naphthol. It has high tinctorial strength and, 
because of its solvent fastness, is non-chalking and 
non-migratory in plasticised media. Heat stability 
is, however, only moderate, especially at low con- 
centration, and the pigment will seldom withstand 
the temperatures required for processing polyolefins. 
It is used fairly widely in pve, but its iron content 
can lead to polymer breakdown on prolonged 
exposure, unless the stabiliser content is high. Its 
high strength and low cost make it an attractive 
pigment where temperature conditions permit. 

Nickel-azo Yellow (C.1. Pigment Green 10) A 
green—yellow pigment of only moderate tinctorial 
strength, when compared with most organic 
pigments, nickel-azo yellow has outstanding light 
fastness, except in urea— and melamine—formalde- 
hyde resins. It is fast to solvents, and non- 
chalking and non-migratory in pve. Heat stability 
is good but not quite adequate to meet the highest 
temperatures encountered in processing some 
plastics, e.g. in the pin-point injection moulding of 
polystyrene. Its use in plastics is limited more by 
its unusual colour than by any lack of technical 
performance. 

Phthalocyanine pigments The phthalocyanines 
are unique. An extremely stable chemical con- 
figuration gives very good fastness properties, 
which are enhanced by formation of the copper 
complex. Blues produced in this way are standard 
pigments throughout the plastics industry. They 
possess outstanding light fastness, even when 
heavily reduced with white pigments, and, provided 
the correct erystal type is selected for a given 
plastic, excellent heat stability. Absence of 
migration or chalking, and excellent resistance to 
solvent extraction, are further desirable features. 
The main disadvantages are the difficulty of 
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dispersing them (now virtually eliminated by 
recent developments) and their poor resistance to 
oxidising agents. The latter property may influence 
their behaviour in polyester resins where oxidising 
catalysts are required, resulting in a change of 
colour of the pigment or increase in hardening time. 


Chlorination of copper phthalocyanine produces 
a range of greens whose technical properties are 
roughly similar to those of the blues. Heat 
resistance and freedom from defects due to solvent 
solubility are characteristic, and light fastness is 
generally of the same high order as that of the 
blues. An exception is in formaldehyde-containing 
systems, e.g. urea and melamine plastics, where, 
although the colour is not altered during hot 
processing, there is a distinct reduction in light 
fastness on exposure. 


Vat Pigments 

Vat pigments are organic pigments of high 
molecular weight and compact structure, originally 
developed for textiles, to which they are applied 
as the leuco compound and subsequently oxidised 
to produce the pigment in the fibre. Application to 
plastics in this way is not possible and for this 
purpose they have been developed as pure pigments 
in the fully oxidised state. Their properties in 
plastics, particularly light fastness, cannot be 
compared with those in textiles, but from those 
examined a few have emerged, e.g. C.I. Vat 
Orange 7 and C.I. Vat Blue 20, which have the high 
stability required for application in plastics. They 
are particularly useful in acrylic and polyester 
resins and for giving light-fast tints and pastel 
colours in pve, polyethylene, and polystyrene. They 
are not generally satisfactory for use in urea and 
melamine plastics because of the risk of reduction 
by formaldehyde. 


Although not strictly vat pigments, the new 
quinacridone reds and violet can be considered 
under this heading, since structurally they resemble 
the vats and have similar compact configurations. 
In the crude form, like vats, they are not satis- 
factory colorants for plastics, but can be subse- 
, quently developed as high-stability pigments in 
these media. Light fastness is of the same order as 
that of the phthalocyanines and heat stability is 
also very good. The major drawback to the 
extensive use in plastics of the true vat pigments 
and the quinacridone pigments is their high cost, 
which automatically places them in the speciality 
class. 


Lakes 

Lakes are usually prepared from water-soluble 
acid dyes precipitated as a salt (usually by barium 
chloride) on to an inert substrate, e.g. alumina 
blanc fixe. They are tinctorially weak but often 
very bright and, if the correct acid dye is selected, 
fast to solvents. They have two major defects, 
moderate light fastness and poor alkali fastness. 
Heat stability is usually very good, and migration 
and chalking in plasticised systems seldom occur. 
Lakes were widely used in the early days of plastics 
but have now been superseded by more permanent 
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igments of high tinctorial strength. An interesting 
Take, which is used in polystyrene, polyolefins, 
and pve, is violet lake (CL. Pigment Violet 5). 

Table I summarises the general properties of 
plastics colorants. Since the behaviour of a 
colouring material depends not only on the color- 
ant itself but also on the medium, temperature, 
and time of compounding, the table should be 
regarded only as a guide. 


Coloration of Polyolefins 

The largest growth factor shown by any plastics 
materials during the last ten years is probably 
that of the polyolefins. Almost the whole of the 
early U.K. production was consumed by the 
packaging and electrical industries, the majority 
of it uncoloured. More recently, the advantages of 
the polyolefins for domestic articles and toys have 
been realised, and now in the U.K. almost 40% of 
polyolefin production is ultimately marketed in a 
coloured form. If this is viewed against the 
anticipated sales of 160,000 tons in 1961, it will be 
seen that the technology of polyolefin coloration is 
of major importance. 


The ideal pigment for colouring polyolefins 
should be easily dispersed, stable to processing, 
and of the colour and properties demanded by the 
end-use. As it is not always possible to achieve the 
ideal, some compromise has often to be made when 
selecting colorants. Usually, the best that can “be 
achieved is to select a pigment which will function 
satisfactorily under a certain set of conditions. 


When considering the more common properties 
which a colorant for polyolefins should possess, 
one should bear in mind that many will depend 
upon the specific end-use, and it is therefore not 
possible to assign priorities. On the other hand, 
dispersibility, resistance to heat, and freedom 
from exudation and chalking must be considered 
as fundamental, irrespective of the application. 
These properties, together with fastness properties 
and toxicity, will now be discussed. 


DISPERSIBILITY 
The ease with which the dry, powdered pigment 
can be dispersed in a polyolefin depends on (a) the 
pigment, (6) the polymer, and (c) the equipment. 


Effect of Pigment 

Pigments which disperse best are those of small 
particle size and soft texture. Certain organic 
pigments have low melting points and a tendency 
to dissolve in the polymer. Although this 
undoubtedly assists dispersion, it gives rise to 
chalking. Some pigments of correct texture and 
particle size tend to agglomerate when compressed. 
These agglomerates may fail to break down during 
the compounding cycle and hence not disperse 
adequately. 


Effect of Polymer 
Polymers with high melt index make pigment 
dispersion difficult, since they become very fluid at 
working temperatures and there is therefore little 
shear on the pigment aggregates. Low-pressure 
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high-melt-index polyethylene and polypropylene 
are particularly difficult in this respect. 


Effect of Equipment 

Great improvements in the dispersion of 
pigments can be achieved by correct choice of 
compounding, extrusion, and injection moulding 
machinery, the aim being to create the maximum 
turbulence and hence shear on the pigment 
particles. Two main methods of colouring poly- 
olefins are in general use, mass coloration and dry 
tumbling. In the former method a dry premix of 
pigment and polymer is prepared and then 
compounded, by a hot compounding cycle in an 
internal mixer, on the open rolls or in an extruder. 
The homogeneous product is next ground or diced 
and subsequently moulded or extruded into the 
finished form. Reasonable dispersion can be 
obtained with some organic pigments by this 
method, but many others, e.g. the phthalocyanine 
blues and greens, do not always give speck-free 
end-products. Certain carbon blacks, cadmium 
pigments, and ultramarines also give inadequate 
dispersion by such means. Where problems of 
this type arise, it is usual to prepare a highly 
concentrated masterbatch of pigment and poly- 
olefin, whereby much greater shear can be applied 
and better dispersion obtained. The masterbatch 
is then diced and added to virgin polymer; a 
second compounding follows, and, finally, injection 
moulding. 

The disadvantages of adopting a masterbatch 
technique are that the method is rather cumber- 
some and costly and there is a considerable risk of 
contamination from flying particles of colour. 
Perhaps the biggest disadvantage, however, is that 
the pigment is subjected to an extra heat cycle 
which may considerably lower its ultimate stability, 
since pigment degradation depends on both time 
and temperature. The polymer also may be 
partially degraded by the extra heat treatment: 
this is particularly true of polypropylene. The 
masterbatch technique itself, however, is a means 
of ensuring good dispersion and is widely used at 
present. 

In the second method of colouring polyolefins, 
dry tumbling, the pigment and polymer granules 
are tumbled together, sometimes in the presence 
of a small quantity of a dispersing agent, until the 
polymer granules are smeared with an even 
coating of colorant. The granules are then injection 
moulded or extruded. The mouldings obtained by 
this process will seldom withstand close inspection 
by transmitted light. Specks of undispersed 
pigment are usually noticeable. Because of poor 
dispersion, full colour yield from the pigment is not 
obtained and, when changes are made from one 
piece of equipment to another, differences in hue 
invariably occur. Poor dispersion is also one of the 
main causes of the poor electrical properties of 
coloured polyolefins. 

Mechanical methods for improving dispersion 
have been developed and some have had reason- 
able success— these usually require the incorpora- 
tion of a screen, torpedo, or venturi plate in the 
extruder or injection machine. Colorant manu- 
facturers have also been tackling this problem, the 
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object being to produce pigments of fine particle 
size and soft texture which will not aggregate 
during the compounding process, and some success 


has been achieved. 


STABILITY TO PROCESSING (HEAT STABILITY) 


The heat stability of a colorant depends upon 
several factors, including heating time and 
temperature, and the grade of polymer. Times and 
temperatures vary over a very wide range 
according to the type of polyolefins being processed 
and the nature of the end-product; high-pressure 
low-density polythene, for instance, may be 
extruded at temperatures as low as 180°C with a 
maximum time of heating of 10min, whereas 
polypropylene monofilament may be heated to 
300°C and above for up to 30 min. Again, although 
the polyolefins are basically inert, they occasionally 
contain reactive residues of catalysts and usually 
some antioxidant. The nature of the residues 
and the antioxidant will vary from polymer to 
polymer and from one source of manufacture to 
another; hence, it must not be assumed that the 
stability of a selected colorant will remain constant 
irrespective of polymer change. Also, the tempera- 
ture of the plastics mass will be different in one type 
of compounding equipment from that in another, 
owing to differences in frictional heat. It is 
essential, therefore, that the heat stability of a 
colorant be checked in the same polymer and under 
the exact processing conditions that will apply in 
bulk production. 


CHALKING 


It is believed that colour chalking in polyolefins 
is caused in the same way as in unplasticised pve, 
i.e. the pigment dissolves during hot compounding 
and, on cooling, forms a supersaturated solution, 
which results in crystallisation; microscopic 
examination of the surface of the plastic reveals the 
presence of crystals of the pigment. ‘ 

The phenomenon of chalking is restricted almost 
entirely to organic pigments, and it is found in 
practice that those pigments which chalk in pve 
will invariably do so in polyolefins, usually to a 
much smaller degree. The rate at which chalking 
becomes visible is influenced by the temperature of 
compounding and also by exposure to daylight— 
the latter accelerates chalking from polyolefin 
plastics. All monoazo organic pigments (i.e. those 
that do not contain metal, or sulphonic and 
carboxylic acid groups) are highly susceptible to 
chalking. 


LIGHT FASTNESS 

The importance of this property depends entirely 
on the end-use of the plastic. Certain products, 
e.g. toys, require only sufficient light fastness to 
keep them from fading during display, since they 
are seldom exposed to direct sunlight for long 
periods. On the other hand, clothes lines, refuse 
bins, ete., require a very high degree of light 
fastness. 

Generally speaking, the requirements of the 
industry can be met with existing inorganic or 
organic pigments, with the possible exception of the 
reds. In terms of BS 1006:1955, a rating of 5-6 
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is adequate for all applications except those 
requiring maximum light fastness. In these cases 
ratings of 7 or 8 are desirable. As with other 
plastics, the light stability of the colouring material 
in polyolefins varies directly with the amount of 
colorant present and inversely with the amount 
of white pigment. Because the polyolefins are 
resistant to. moisture, the light fastness of many 
pigments in these media is enhanced. 

The inclusion of ultraviolet absorbers, primarily 
to stabilise the polymer, may also have an effect 
on the light fastness of the colorant; this will 
depend on the specific wavelengths which bring 
about fading of the pigment. If fading is induced 
by visible light, an ultraviolet absorber will have 
no beneficial effect, but if ultraviolet radiation is the 
source of colour degradation, its inclusion is worth 
while. 

TOXICITY 

The problem of toxicity is extremely complex, 
particularly when applied to pigments. There is no 
single authority in the United Kingdom which can 
indicate whether a pigment can be used in contact 
with foodstuffs, e.g. for the packaging industry. 
The British Plastics Federation published, in 1958, 
a report of the Toxicity Sub-Committee of the 
Main Technical Committee which threw some light 
on this problem and made certain recom- 
mendations. Two factors were considered, the 
toxicity of the additive and the amount of that 
additive extracted by certain extracting fluids, and 
as a result of the work a quantity, Q, the toxicity 
quotient, was defined. 

Q = 10002/T where £ is the amount of 
obnoxious substance extracted from the material 
and 7' is the toxicity factor of the extracted 
material in any authoritatively given figure in mg 
per kg of body weight. It was agreed that an 
arbitrary figure of less than 10 for each ingredient 
should be the standard of non-toxicity for any 
plastic. However, the following reservations 
were made— 

(a) that a Schedule 1 poison should not be 
included in the plastics material, 

(b) that additives should not contaminate the 
foodstuff with a material considered obnoxious 
in law, 

(c) that any heavy-metal contamination from 
the additive should not raise the heavy-metal 
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content of the foodstuff (allowing for that already 
present in the foodstuff) beyond any limit 
prescribed by the Ministry of Food. 

The report also dealt with substances which 
may have carcinogenic effects as follows— 

“The procedure should be that any substance to 

which the stigma of carcinogenisis might be 

attached should be discarded. Other substances 
can be assumed to be innocent but tests to prove 
this innocence are not worth while.”’ 

Because of the great difficulties of measuring 
small traces of poisonous heavy metals which may 
be extracted from the plastic when, e.g., the 
lead-based pigments are used, it is advisable to 
omit pigments of this type from the range of 
colorants which may come in contact with 
foodstuffs. The selection of pigments for such 
applications should therefore be made as follows— 

(1) The initial selection should be made from— 

(a) organic pigments which do not contain 
any known carcinogenic substances, 

(b) metal toners of the calcium and 
manganese types, but not barium salts, 

(c) metal-complex pigments, 

(d) vat pigments which do not contain any 
known carcinogenic groupings, 

(e) lakes, where the inert substrate is of the 
alumina type. 

(2) Chosen pigments should be examined for 
all aspects of heat stability, dispersion, light 
fastness, etc., and those which pass submitted to 
colour extraction tests. 

(3) Colours acceptable under (1) and (2) should 
be incorporated in the polymer under the precise 
conditions and at the concentration intended to be 
used in practice, and immersed in extracting fluids. 
Where possible, these fluids should be of the type 
with which the coloured polythene will ultimately 
come in contact, but when such fluids are already 
coloured it may be necessary to substitute a 
similar but colourless extracting medium. If any 
bleeding of the colouring material into the 
extracting fluid is observed then such colours 
should be rejected. 
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Discussion 


Mr. H. R. Haprretp: Mr. Musgrave mentions 
the deleterious effect of titanium dioxide on the 
light fastness of many dyes. Many processes have 
been proposed, and confirmed, which reduce con- 
siderably the catalytic effect of TiO,, and these 
depend, in effect, on the poisoning of the TiO, 
catalyst with very small amounts of Co, Cr, or 
Mn salts. So far as I am aware these processes 
have been suggested for fibres only. Have they 
been extended to plastics materials? 

Mr. Muserave: To the best of my knowledge 
these processes have not been extended to plastics 
materials. This could be explained for pve 
plastics by the fact that Cr in some forms is con- 
sidered to act as a catalyst for the breakdown of 


pve. 


In addition, Mn salts, in many pve polymers, 
darken on prolonged exposure to light, owing, it is 
believed, to the formation of manganese dioxide. 
Mr. R. K. Fourness: The example of pigment 
migration—a yellow in pye—shown in which the 
degree of migration reached a maximum and then 
decreased with increasing depth of colour was both 


interesting and surprising. Has Mr. Musgrave any 
explanation to offer for this effect? 

Mr. Muscrave: The migration phenomenon 
mentioned requires a pigment which is partially 
soluble in the hot plasticised system and relatively 
insoluble in the cold. When the pigment is 
present at low concentrations, the particles formed 
on cooling can move fairly freely throughout the 
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mass. If the pigment concentration is high, how- 
ever, flocculation occurs, so that movement is much 
restricted and migration less severe. 

Mr. R. J. Hannay: In the section of the paper 
dealing with inorganic pigments, reference is made 
to chrome pigments, but only to the extent of 
mentioning chrome yellows and oranges. These 
are criticised on the grounds of darkening on 
exposure to light and attack by industrial atmo- 
spheres. No mention is made of Chrome Oxide 
Green (C.I. Pigment Green 18), which is one of 
the most stable and light-fast pigments known. Its 
heat stability and resistance to attack by acids and 
alkalis are excellent. Is the omission of this pig- 
ment an oversight or are there some technical 
reasons which precluded the inclusion of this 
pigment as a suitable colorant for the purposes 
dealt with in this paper? It is known that Chrome 
Oxide Green is being used for the colouring of pve. 

Mr. Musecrave: The omission of Chrome Oxide 
Green is an oversight. It can be used successfully 
in many plastics, although the equally stable, 
stronger, and brighter Phthalocyanine Greens are 
frequently preferred. 

Mr. Hannay: Stress is laid on the necessity 
of using pigments of small particle size in order to 
achieve good dispersion in the polymer. Does 
Mr. Musgrave consider this to be the main factor 
in relation to good dispersion, and can he give 
some indication of what would be considered to be 
the optimum particle size? 

Mr. Musgrave: Particle size is only one factor 
governing ease of dispersion— equally, or perhaps 
more, important is softness of texture. It is not 
possible to give an optimum particle size, since the 
ultimate pigment particles vary in size between 
approx. ,, and } yu. These particles are, how- 
ever, aggregated in the pigment powder, which 
may contain particles of size 1-504. From the 
practical viewpoint, pigments for the coloration of 
plastics should have a soft texture and be capable 
of passing through a 200-mesh British Standard 
sieve without leaving a residue. 

Mr. Hannay: It is known that many pigments, 
whilst being good colorants, do give rise to 
“crazing” and degradation of the polymer on 
exposure to light and weathering. I have heard 
it stated that, for polyolefins, only Carbon Black is 
really completely satisfactory in this respect. 
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From our knowledge of the properties of chromium 
oxide it is indicated that this pigment might also 
be highly satisfactory. Would Mr Musgrave com- 
ment further on this aspect? 

Mr. Muserave: Carbon Black is undoubtedly 
an excellent pigment for preventing the degrada- 
tion of polyolefins on exposure to sunlight. There 
are, however, one or two organic pigments which 
behave in a similar manner, e.g. Irgalite Yellow 
WSC (Gy) and Irgalite Yellow WSR (Gy). 

Mr. L. E. Jonzs: Does the problem of volatility 
arise when dyeing plastics in bulk? 

Mr. Muscrave: Volatility is not a problem 
generally encountered when plastics are mass- 
coloured with pigments, because of their high 
melting points. When low-molecular-weight fat- 
soluble dyes are used, volatility problems can arise. 

Mr. T. Franacan: Is dichroism a_ serious 
problem in the pigmentation of plastics materials? 

Mr. MuscRave: No; it occurs with the phthalo- 
cyanine pigments and, of course, with certain 
soluble dyes, e.g. Rhodamines. In general, use is 
made of dichroism to yield unusual effects. 

Mr. FianaGan: Is any difficulty experienced in 
the pigmentation of plastics due to inflation or 
“gassing’’? 

Mr. MuscGrave: Gassing due to the inclusion of 
pigments in plastics is not common. I have only 
encountered one instance during many years 
association with the plastics and pigments indus- 
tries— the cause of this~particular incident was 
never satisfactorily determined. 

Mr. F. Norru: On the older types of plastics, 
the “‘texture”’ of a pigment was a reasonable guide 
to its dispersibility. With pclythene and, par- 
ticularly, polypropylene, texture is little guide to 
behaviour. Mr. Musgrave mentions the tendency 
of pigments to form aggregates on working as 
being the explanation for this phenomenon. Has 
he any evidence to support this theory and has he 
any laboratory technique to determine the tendency 
of pigments to form hard aggregates? 

Mr. Muscrave: Aggregates are undoubtedly 
formed by the pigment being compressed against 
the metal parts of the mixing, moulding, or 
extruding equipment. In the finished product 
they are noticeably larger than the particles of the 
pigment initially introduced. I do not know of 
any laboratory test which will determine the 
tendency of a pigment to form aggregates. 
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Dyeing Chrome-tanned Leather with the Aid of 
Ethylene Oxide Levelling Agents 


J. Hernpt and W. HaLDEMANN 


A brief description is given of the properties of leather, with particular reference to the application of 
dyes in presence of non-ionic, anionic, and cationic auxiliary agents. Fixation of chrome complex, vege- 
table, and synthetic tanning agents is described. The dyeing of suéde leather is considered in detail, and the 
effect of two “non-ionic” polyoxyethylene derivatives on the absorption spectra of six sulphonated azo 
dyes is studied. It is concluded that, to obtain satisfactory dyeings on chrome-tanned suéde leather, the 
dyes used must have similar affinity, any differences in affinity must be minimised by addition of a suitable 
auxiliary agent, and the agent must have similar effects on the absorption spectra of all the dyes used. 


Introduction 

The demands primarily made on the quality of 
leather dyeings include good all-round fastness, a 
high degree of levelness and, in the case of special 
types of leather, uniform distribution of the dye 
throughout the cross-section of the substrate. In 
order to meet these demands, the leather dyer has 
to overcome a host of difficulties, some of which are 
unknown to the textile dyer. The problems 
encountered in the dyeing of leather arise in the 
main from the complicated chemistry and physical 
structure of the skin, on the one hand, and from the 
various treatments it undergoes during its conver- 
sion into leather, on the other. 

We shall therefore first deal with the manifold 
properties of leather, which will make clear the 
processes involved in the application of dyes to this 
substrate in presence of non-ionic, anionic, and 
cationic auxiliaries. 


The animal skin contains 35°%, by weight of 


protein in the fresh state, whilst in the dry state it 
contains up to 95°, protein. The proteins include 
collagen, elastin, and keratins, which together 
constitute the fibrous portion, and glycoproteins, 
albumins, and globulins, which are non-fibrous 
proteins that do not in themselves make leather 
(globular or corpuscular proteins). From a tech- 
nical point of view collagen is the most important 
protein, constituting the bulk of the fibrous portion. 

The collagen fibres are composed of polypeptide 
chains to which a large number of polar and non- 
polar side-chains are attached. Comparison of the 
proportion by weight of polar and non-polar side- 
chains in collagen fibres shows that the collagen of 
animal skins differs substantially from the protein 
structure of silk, and resembles more closely that 
of wool (Table I) 2. 

The specific charge on the polar side-chains can 
be made primarily responsible for the capacity of 
collagen to combine with various chemicals. The 
side-chains carry an equal number of positive and 
negative charges at the isoelectric point, which is 
between pH 5 and 7, depending on the purity of the 
collagen *. An increase or decrease in the positive 
or negative charge is brought about by altering the 
pH or by chemically masking the polar groups. 

If one examines, for example, the affinity of 
collagen for a simple azo dye (Orange IT) in relation 


Thiol groups (cysteine) 


Taste I 


Side-chain of Structure of 


Side-chain groups Weight of side-chains 
(% of total protein 
weight) 
Silk Collagen Wool 
Non-polar groups 
(-H, —CH,, -SCH, etc.) 
Hydroxyl groups 
(serine, hydroxyproline) 


6-3 14-1 12-0 
12-3 
0-0 
Basic groups 
(amino, guanidino, imidazole) 
Acid groups (carboxyl) 


0-6 


not 
available 


13-1 
6-3 
19-4 


Total of polar groups 
Total of non-polar groups 
Total of side-groups 


to pH, it is observed that the fixation is distinctly 
reduced with a rise in pH. The anionic dye com- 
bines with the positively charged groups of the 
collagen. Thus, if these positive groups are 
discharged by decreasing the hydrogen-ion con- 
centration, the capacity of the collagen fibre to 
combine with the dye is reduced accordingly. 

It is, of course, not the charge on the untanned 
collagen fibre but that on the tanned fibre which 
determines the type of dyeing process to be 
employed and the results obtained‘. Nowadays, 
skins and hides are mostly tanned with basic 
chromium complexes, and the actual tanning effect 
achieved depends in the first place on their capacity 
to unite with the protein of the skin. Kiintzel ® 
explains the fixation of a chrome tanning complex 
to the protein fibre as follows— 


& 


37-9 


—Cr—-H,N~( 


/ 
O=C 


CHR 


ay HO OH 


The optimum pH range for reaction between the 
collagen and the chrome compound is 2-4-5. The 
carboxyl groups of the protein are discharged at a 
lower pH so that the chrome complex cannot 
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react, whereas at higher pHs the basic chrome 
tanning salt begins to precipitate as hydroxide. 
During the normal course of tanning the initial 
chrome tanning salts form cationic linear polymers 
according to the equation— 


H 2+ H,O 
| + | | 
‘H,O HO’ 


(H,0),-Cr Cr-(H,O), | olated chromium 
L ‘OH’ compound 
| heat 


2+ 
( H,0)< oxolated chromium 
compound 
These complexes substantially increase the 
positive charge on the untanned substrate, which 
explains the higher affinity of the collagen in 
chrome leather for anionic dyes. Fig. 1 shows the 
uptake of Crystal Ponceau (C.I. Acid Red 44) by 
chrome leather, collagen, and chromic oxide °. 
24 T T —T T 


Amount of dye absorbed, 
g/100 g substrate 


2 5 6 


Fig. 1— Peis of Crystal Ponceau (C.I. Acid Red 44) by chrome 
leather (A), collagen (B), and chromic oxide (C) 


Leather which has been tanned with vegetable 
or synthetic tanning agents shows a dyeing 
behaviour completely different from that of 
chrome-tanned leather. Both vegetable and syn- 
thetic tannins are anionic compounds of high 
molecular weight which are capable of forming 
hydrogen bonds and electrovalent linkages with the 
collagen. 

Linkage between collagen and a vegetable 
tanning agent ® 


HN OH 


\ 
C=0 <-H 


Linkage between collagen and a synthetic 
tanning agent 7 


4 


HN 
NH CH: NH 


nCH 
HN 
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The collagen becomes negatively charged as a 
result of the deposition of large percentages of these 
tannins in the substrate, which leads to greater 
absorption of cationic dyes and a reduction in the 
affinity of the collagen for anionic products. 
Tanning can be effected not only with chrome salts 
and vegetable or synthetic tanning agents, but also 
with combinations of these and a number of other 
products. Therefore, the behaviour of leather 
towards dyes clearly varies according to the type 
of tannage which has been employed. It can thus 
be easily understood that this fact, together with 
the differences in skin structure, present difficulties 
of a kind usually unknown to the textile dyer. 
In view of the many problems involved we shall 
limit our discussion to one particular aspect, 
namely, the penetration and level-dyeing of 
chrome-tanned suéde leather. 

Suéde leather is the general term for leathers 
whose wearing surface has been finished to have a 
fine velvet-like nap produced on the flesh side by 
abrasion. This operation, called wheeling or 
buffing, is usually carried out both before and after 
dyeing. Obviously, the leather has to be penetrated 
as uniformly and as completely as possible by the 
dye, otherwise irregularities in the dyeing become 
visible on wheeling. Uniform and complete 
penetration can in principle be ensured only if 
sufficient sites for the fixation of the anionic dyes 
have been created by an increased and even 
deposition of cationic chromium complexes in the 
skin. 

As has been shown by Otto ® in particular, the 
use in the tanning of suéde leather of so-called 
masked chromium compounds, i.e. chromium salts 
with ligands having high complexing ability, 
markedly reduces the dyeability toward anionic 
dyes. By adding compounds of high complexing 
ability, e.g. oxalic acid, to the chromium salts, the 
cationic properties of the latter are reduced, which 
leads to uncharged and anionic chromium com- 
pounds. If masked anionic chromium complexes 
of this type are used for tanning, a corresponding 
negative surface charge is imparted to the treated 
leather, and this results in a lower affinity for 
anionic dyes. This is clearly indicated in Fig. 2, 
which shows the effect of repeated chrome tanning 
on the dye uptake. 
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@ Absorption of dye x Absorption of Cr,O, 

Fig. 2— Effect of repeated tannages (each with 2% Cr,O, in form 

of masked solutions) oh uptake of Cr,O0, and dye (0-03 mol. % 
Diamine Black BH— C.I. Direct Blue 2) 
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To produce a readily dyeable suéde leather, 
Otto* proposes to commence tanning with a 
masked chromium salt (2%, Cr,0,) followed by 
treatment in chromium oxide solution of twice the 
initial: strength (4°, Cr,O,) in the form of an 
entirely cationic salt. 
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Amountjof Cr,O, absorbed, % 


0 
2 
Number of tannages 
(1)— 2% Cr,O, in masked form (2)— 4% Cr,O, as cationic salt 
@ Absorption of dye x Absorption of Cr,O, 


Fia. 3— Effect of tanning with Cr,0, (a) masked, (6) as cationic 
salt on uptake of Cr,0, and dye (0-63 mol. % Diamine Black BH) 


As can be seen from Fig. 3, the uptake of 
chromium oxide by leather that has been pre- 
tanned with masked chromium salts is more than 
doubled, i.e. it is increased to about 10% in the 
second, purely cationic, tanning operation. The 
dye fixation is naturally increased  corre- 
spondingly °. 

Furthermore, the electric charge on suéde 
leather is greatly influenced by other operations, 
e.g. neutralising, fatliquoring, and drying after 
tanning. The purpose of neutralising is to suppress 
the strongly positive charge of the chrome suéde 
so as to ensure that the negatively charged dye 
ions, as well as the subsequently charged particles 
of the fat emulsion, are not deposited too rapidly 
and unevenly on the surface of the leather. 
Chemicals whose anions have a certain complexing 
ability are the most suitable for neutralising. They 
exert a certain reserving action and protect the 
leather from uneven uptake of dye and fatty 
compounds on the surface in those areas in which 
basic chromium compounds have agglomerated 
during tanning owing to the specific skin structure. 

The neutralised suéde is dried after a light 
preliminary fatliquoring to enable it to be wheeled 
in this state. The chromium complexes are 
stabilised during the drying process by anionic 
radicals entering the inner sphere of the complex, 
thereby impeding the exchange of dye anions. 

A preliminary treatment with an anionic fat- 
liquor can also lead to a reduction in the positive 
surface charge of the chrome suéde. For this 


reason, it is of advantage to use non-ionic or 
cationic fatliquors for this treatment, since they do 
not have an unfavourable effect on the charge on 
the substrate. The distribution and number of the 
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sites in the suéde carrying a positive charge can be 
influenced by correct control of the tanning, 
neutralising, preliminary fatliquoring, and drying 
operations with a view to obtaining full and level 
dyeings. 

More uniform penetration and a higher degree 
of levelling can be achieved by using suitable 
auxiliaries having affinity for either the fibre or the 
dye and by bringing about a reversible change in 
the charge by additions of weak alkalis, e.g. 
NH,OH. These additions of auxiliaries or alkalis 
are made to re-wetting or dyeing liquors. Naturally 
the success of a dyeing also depends greatly on the 
selection of appropriate dyes; anionic dyes of 
moderate penetrating power are the most suitable. 
Dyes giving superficial dyeings are quite unsuitable, 
as are dyes that penetrate too deeply into the 
leather, since they cannot be adequately fixed and 
may thus tend to bleed out. 


The purpose of using small additions of weak 
alkalis, e.g. ammonia, in re-wetting and dyeing 
is, firstly, to neutralise the charges on the amino 
groups of the protein, secondly, to replace the aquo 
and sulphato groups of the chrome complex with 
hydroxy ligands, which are less readily displaced by 
the dye anions, and, thirdly, to retard the formation 
of dye agglomerates. AJ] these changes reduce the 
affinity of the dye for the substrate. Once adequate 
penetration has been achieved they are reversed by 
using acid (e.g. formic acid), which enables the 
dye ions to unite with the substrate. 


Auxiliaries with affinity for the fibre affect the 
penetrating and levelling properties of dyes in a 
somewhat different manner. On account of the 
structural differences of the skin, it is not possible 
to obtain completely uniform distribution of the 
chrome-complex salts throughout the substrate, 
and the areas having a high chrome content (e.g. 
the sides) are thus dyed to a fuller depth. Unlevel 
dyeing of this kind can be prevented by using 
colourless anionic auxiliaries which, by selective 
blocking of the positive charges, ensure that the 
dye exhausts evenly on to the leather. The use of 
such levelling agents, e.g. a disulphodinaphthyl- 
methane, which has affinity for the substrate, also 
counteracts too-rapid build-up of dye on the 
surface of the leather and makes for better 
penetration. 


Apart from the endeavours made to improve the 
penetration by influencing the strength and uni- 
formity of the surface charge of the leather with 
auxiliaries having affinity for the substrate, 
attempts to this end are nowadays increasingly 
being made by altering the properties of the dyes 
themselves. The agents employed for this purpose 
are ethylene oxide condensation products which, 
by forming a dye-auxiliary agent linkage, alter the 
exhaustion properties of the dyes and, in some 
cases, improve their penetrating power. This 
group of auxiliaries with affinity for dyes comprises 
condensates of pure ethylene oxide and ethylene 
oxide with aliphatic compounds, all of which contain 
reactive groups, e.g. OH, NH,, COOH. They can 
be divided into three classes according to their 
reactivity— 
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(1) Fatty alcohols having a chain length of 
12-20 carbon atoms to which a longer ethylene 
oxide chain has been added by condensation— 


CH,(CH 2) 11-1 (OCH,-CH 2) 


(2) Fatty amines having a chain length of 
12-20 carbon atoms, each molecule being con- 
densed with two ethylene oxide groups containing 
4-20 carbon atoms— 

(3) Fatty alcohols having a chain length of 
12-20 carbon atoms condensed with 8-100 ethylene 
oxide groups, the end-group being sulphated— 


CH,(CH,), 1-1 OCH 


The products of class (1) are considered as being 
non-ionic, even though they have slight cationic 
character on account of their ether bridges. These 
compounds have two solubilising groups, the OH 
group, which reacts independently of temperature, 
and the ether bridges, whose solubilising action is 
due to their ability to add water. The addition of 
water is dependent on temperature, i.e. solutions 
of the auxiliary products become turbid on heating. 
The turbidity point lies in the region of 95°C 
(205°F) and may be lower in the presence of 
electrolytes. The weakly cationic (so-called ‘“‘non- 
ionic’) auxiliaries can combine loosely with 
anionic dyes— 


D~- + (auxiliary)+ = D-(auxiliary) 


The equilibrium in this reaction is in favour of the 
dissociated products, so that such “non-ionic” 
compounds do not retard the uptake of anionic 
dyes. They are mainly used together with dyes that 
have to be exhausted on to the fibre with an addi- 
tion of acid, their dispersing action preventing 
agglomeration of the molecules on the substrate. 

The conditions are completely different when 
dyeing with 1:2 metal-complex dyes which are 
free from sulpho groups. These dyes react with 
the non-ionic products at the ether bridges— 

24° 

Thus, a new insoluble group combines with the 
auxiliary agent. If the dye molecule is large, the 
dye-auxiliary complex may precipitate to a 
considerable extent. Conditions when non-ionic 
products can be used with 1:2 metal-complex 
dyes not containing any sulpho groups are very 
limited. 

The compounds in the second class have three 
solubilising groups, namely, the temperature- 
insensitive OH groups, the temperature-sensitive 
ether bridges, and the basic nitrogen-containing 
group, which makes the properties of these products 
dependent on pH. This group of products and the 
influence they have on the outcome of dyeings 
produced with anionic dyes of various classes on 
suéde will be discussed in more detail later. 

The compounds in the third class again contain 
ether bridges which are sensitive to temperature, 
and sulpho groups conferring solubility at all pHs. 
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As the effect of the sulpho group predominates, no 
turbidity can be observed under normal conditions. 
These compounds have very little effect when 
applied in combination with acid dyes, whereas in 
presence of | : 2 metal-complex dyes they have a 
pronounced retarding and levelling action. The 
presence of the sulpho group renders the dye— 
auxiliary complex soluble at all temperatures, and 
no troublesome side-reactions should thus occur in 


systems of this kind. 


Mode of Action of “Non-ionic” Polyoxyethylene 
Derivatives in Dyeing of Chrome-tanned 
Suéde Leather 

The “non-ionic” polyoxyethylene derivatives of 
class 2 above have proved to be very suitable as 
levelling agents in wool dyeing, and they may also 
be used to improve levelling and penetration of 
dyes applied to suéde leather. We have therefore 
examined more closely two of the many derivatives 
belonging to this group. The two products used for 
our tests were condensation products of long-chain 
aliphatic amines and ethylene oxide, which are 
characterised primarily by the length of the 
ethylene oxide chains attached to the central 
nitrogen atom. The two chains of the first deriva- 
tive, Auxiliary A, contain about 10, and those of the 
second derivative, Auxiliary B, about 30 ethylene 
oxide units. 

Levelling agents of this type possess remarkable 
acs because of their chemical constitution. 

e combination of hydrophobic and hydrophilic 
groups in their molecule not only renders them 
soluble in water and many organic solvents, but 
also imparts to them properties typical of surface- 
active compounds. Their action in the dyeing of 
suéde leather is due mainly to their ability to 
combine with anionic dyes in acid solutions. As a 
result the rate of dye uptake is altered, because 
the reactivity of the dye toward the substrate is 
lowered. 

This reduction in the combining properties which 
is brought about by addition of auxiliaries having 
affinity for the dye prevents the dyes from being 
fixed too rapidly and unevenly on the surface of 
the leather. Moreover, this decrease in affinity not 
only improves levelling but in many cases also 
increases penetration. Auxiliaries A and B can be 
considered as having affinity for the dye because an 
acid-base reaction, i.e. a salt formation, takes place 
between them and the anionic dyes in an acid 
medium— 

A + H,0+ = (AH)+ + H,O 
(AH)* + Dye~ = Dye (AH) 


This salt formation can be assessed by electrometric 
titration of free dye acid with the relevant bases of 
the auxiliaries (Fig. 4). 

By comparing the titration curves of the dye 
acid when using either caustic soda or Auxiliary A 
or B it can be found that one mol base per mol 
acid is consumed in each case in neutralisation. 
However, depending on the strength of the base, a 
dissociation of the salt formed can be observed; as 
a result the point of equivalence is displaced along 
the pH axis. 
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The changes that take place when additions of 
Auxiliary A and B are made during the dyeing of 
suéde appear to depend in the first place on the 
dyeing behaviour of the dye-auxiliary adducts. 
Since chrome suéde leather should not be dyed at a 
temperature above 65°C (150°F) if it is to be 
undamaged, dissociation of the dye-auxiliary 
adducts is reduced to a minimum; this is in direct 
contrast to the procedure in wool dyeing, where 
rT 13 the goods are boiled. 

In order to study the behaviour of such dye salts, 
we carried out a series of tests with six free dye 


> 


Amount of titrant added, mi 


Fie, 4— Tepetien oft free dye acid (Dye VI) with ethylene oxide 


tives and with caustic soda acids of varying constitution and containing 


Taste IT 


Effect of Auxiliaries A and B on Absorption Curves of Free Dye Acids 


Formula Consumption at point of Alterations in absorption curves caused by the addition of 
equivalence of Auxiliaries A and B required to reach point of equivalence 
NaOH Auxiliary Auxiliary Amax Amax [Dye] 


(100%) A(100%) B (100%) (mp) (%) 
OH 1 part dye 477-5 0-744 100 _ 


027g 795g 108g 1 part dye 
HOS >-N-N 7-95 parts AuxiliaryA 475 0457 614 —25 


1 part dye 
10-8 parts Auxiliary B 5 0481 647 


Mol. wt. 408 
Sulpho group ratio*® 204 


OH 1 part dye 


. 1 part dye 
N=N 3-3 parts Auxiliary A 


1 part dye 
4-4 parts Auxiliary B 


80;H 
Mol. wt, 328 
Sulpho group ratio 328 


1 part dye 


1 part dye 

HOS-<_>-N=N 5-4 parts Auxiliary A 
1 part dye 

7-6 parts Auxiliary B 


Mol. wt. 

Sulpho a-A ratio 328 
1 part d 
HO NH-C 


1 part dye 
2-55 Auxiliary A 


1 part dye 
/ 3-6 parts Auxiliary B 


O(CH3),C:Hs 
Mol, wt. 689 
Sulpho group ratio 344-5 


NH; 1 part dye 


1 part dye 
2-25 parts Auxiliary A 


1 part dye 
3-0 parts Auxiliary B 


Mol. wt. 504 
Sulpho group ratio 504 


O NH, 1 part dye 


B 1 part dye 
r 2-25 parts Auxiliary A 


1 part dye 
O NH 3-2 parts Auxiliary B 


80;H 


Mol. wt. 487 - _ Molecular weight ofdye 
Sulpho group ratio 487 Sulpho group ratio Number of sulpho groups present 


A 
| 
i 3 5 7 
— 
No. 
I 
80;H 
490 «21172 1000 — 
we 
477-5 0818 69:8 —25 
OH 4825 0-971 100 
480 0676 696 —25 
520 0-600 100 
Iv 525 0646 107 
625 0661 1102 +5 =. 
<i 
500 «(0-521 — 
v a< > N=N 512-5 0-504 967 +125 
4 
610 0-524 1006 
5825 0479 100 — 
: vi 585 «0278 «580 
5825 0-471 983 0 
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different numbers of sulpho groups. These free 
dye acids were converted quantitatively into 
“neutral salts” by additions of auxiliaries, the 
amounts of which were first determined by electro- 
metric titration. A smaller or greater part of the 
caustic soda or Auxiliary A or B used up at the 
point of equivalence is spent on neutralising free 
mineral acids contained in the dyes. As can be 
seen from the Table IT, the first three dye acids 
are formed from the same ent substance, 
1-phenylazo-2-naphthol, and differ only in number 
and arrangement of the sulpho groups. The same 
ratio of NaOH: Auxiliary A: Auxiliary B= 
1 : 30 : 40 was used in the titration of the three dye 
acids to reach the point of equivalence. 

In a comparison of the dyeing properties of the 
first three dye acids or of their respective adducts 
with Auxiliaries A and B, very little difference was 
observed in dyeings on chrome suéde leather. The 
free dye acids, when applied on their own, penetrate 
the substrate completely and are fixed to some 
extent on the fibre, whilst the penetration obtained 
with adducts is much inferior. The adducts are not 
fixed and, consequently, can easily be washed off 
again. The reduction in penetration observed in 
this case can be explained by Valko’s theory ™ that 
the addition of auxiliaries having affinity for the 
three dye acids (which are homologues of Orange IT) 
diminishes the diffusion properties of the latter. 
Such a decrease in the diffusion properties can be 
traced to the aggregation of the dye-auxiliary 
salts in the colloidal region, which should affect the 
absorption spectrum by reducing the optical 
density. Our measurements clearly confirmed this. 
All three dye acids have their tinctorial strength 
considerably reduced by addition of Auxiliary A 
or B. The stronger and more hydrophobic basic 
Auxiliary A always reduces the tinctoria] strength 
of the dyes more than does Auxiliary B. 

In contrast to the first three dye—auxiliary salts, 
which are very similar to one another and of a 
constitution, the other three dye acids (Table IT) 
form a linkage with Auxiliaries A and B which 
shows considerably different behaviour both during 
dyeing of suéde leather and in spectrophotometric 
analysis. Dye acid IV, when applied on its own, 
does not penetrate the leather but is fixed on the 
surface. However, a substantial improvement in 
penetration is obtained if both its sulpho groups are 
completely blocked by Auxiliary A or B. Auxiliary 
B produces somewhat fuller depths than the more 
hydrophobic A. As can be seen from Fig. 5, the 
absorption curve of the free dye acid IV reaches a 
maximum at a wavelength of 520 my; an abrupt 
change in direction can be observed at 550 my. 

Measurements of the two dye solutions con- 
taining additions of auxiliary agent showed them 
to have almost identical spectral curves which, 
apart from showing a first absorption peak at 
525 my, also reached a second peak at 560 mp. In 
contrast to the previously mentioned dye—auxiliary 
adducts, their tinctorial strength as determined by 
means of the extinction coefficients exceeds that of 
the free dye acid. Auxiliaries A and B bring about 
a decrease in association of the dye™, which 
accounts for the improved penetration obtained. 
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Wavelength, mu 
Spectrum of Dye IV 
Spectrum of Dye IV: A 1 :2°55 
+— Spectrum of Dye IV: B = 1:36 


Fic. 5— Effect of addition of Aueiery A or B on 
absorption spectrum of Dye IV 


Dye V differs in behaviour from Dye IV on 
account of its much higher sulpho group ratio 
(ratio of molecular weight to number of sulpho 
groups). The penetrating power of both the dye 
acid and the adducts is distinctly lower. By the 
addition of Auxiliary A or B the absorption curves 
are moved by 10-12-5 my towards longer wave- 
lengths. The curve of the dye—Auxiliary A solution 
shows a distinct peak at 537-5 my. It is possible 
that a further maximum could be attained by using 
higher concentrations of Auxiliary A. 
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Wavelength, mu 
Spectrum of Dye V 
——-— Spectrum of Dye V: A = 1:2-25 
+— Spectrum of Dye V:B = | :3 


Fic. 6— Effect of addition of Auxiliary A or B on 
absorption spectrum of Dye V 


Since Auxiliaries A and B have only slight 
effects on the extinction coefficient, the correspond- 
ingly slight change in size of the dye aggregates can- 
not be responsible for the outcome of the dyeings 
on suéde leather. This is mainly due to the more 
pronounced hydrophobic property of the dye—auxil- 
iary salt as compared with that of the free dye acid, 
and also to its lower affinity for the substrate. 

It is of interest to note the difference in effect 
which the auxiliaries have on the blue anthra- 
quinonoid Dye VI. In the dyeing process the dye 
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salt, together with Auxiliary A, is absorbed on 
the surface without deeply penetrating the leather. 
It is only slightly fixed and can easily be washed 
off again. The adduct formed with Auxiliary B 
appears to be too hydrophilic and has no affinity for 
leather. These differences in behaviour are also 
reflected in the absorption curves. Auxiliary B 
has virtually no effect on the extinction coefficient, 
and the absorption curve differs from that of the 
free dye acid only in having an inflection at 615 my, 
whereas Auxiliary A causes distinct turbidity of 
the dye solution and a corresponding substantial 
decrease in extinction coefficient. 


o T T T T 


Spectrum of Dye VI ‘ 
——— Spectrum of Dye Vi: A= :2-25 
—-++— Spectrum of Dye Vi: B = | :3-2 


Fie, 7— Effect of addition of Auxili A or B on 
absorption spectrum of Dye VI 


Extensive studies have been carried out by 
Back on the turbidity caused in solutions of 
certain anionic dyes by the use of levelling agents 
of the Auxiliary A type. The 1 : 2 metal-complex 
dye represented by the following formula contains 
sulpho groups and lends itself particularly well to 
the quantitative examination of the neutralisation 
equilibrium between anionic dyes and Auxiliary A 
by means of so-called turbidity-point measure- 
ments. 


3- 


Molecular weight: 932 
Corrected molecular weight: 1170 
Number of negative charges: 3 


As Back was able to determine, a sodium acetate— 
acetic acid buffered solution (pH 4-68 at 20°C) of 
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additions of Auxiliary A the turbidity can be made 
to disappear completely. 

A non-ionic compound with short polyglycol 
ether chains, e.g. Auxiliary A, shows a charac- 
teristic tendency to separate in aqueous solutions 
under given conditions. When solutions of this 
kind are heated, colloidal turbidity is observed 
above a certain temperature; on cooling the 
turbidity disappears completely. The occurrence of 
such miscibility gaps can be explained by a decrease 
in the hydration of the polyglycol ether chains on 
heating of the solution, whereby the water mole- 
cules added to the oxygen atoms of the polyether 
chains via the hydrogen bridges are split off. These 
substances are thus less soluble in hot water than 
in cold. The effect of pH on the tendency to 
separate has not yet been determined. Naturally, 
the nature of the components also has an influence. 
Auxiliary B with its longer polyglycol ether chains 
is more soluble in water than Auxiliary A, both 
products having an aliphatic chain of about the 
same length. 

It was of interest to note that the tendency 
to separate is also evident when a solution of 
Auxiliary A is added at a constant temperature 
(80°C; 175°F) to acid solutions of anionic dyes, in 
particular to solutions of the 1 : 2 chrome-complex 
Dye M932 which contains sulpho groups. The 
temperature at which separation occurs varies 
with increasing additions of Auxiliary A to a 
dye solution of constant concentration (Fig. 8). 


Temp. at which separation occurs, °C 


2 3 4 5 
Molecular auxiliary : dye ratio 


Fie. 8— Miscibility gaps of solutions of chrome-complex ~~ 
M 932 in acetic acid-sodium acetate buffer (pH 4-68 at 20°C) in 
presence of Auxiliary A 


At all three concentrations of complex dye M 932 


this dye shows considerable turbidity at room the separation temperature is a minimum at a 
temperature when a solution of Auxiliary A is specific molar ratio which, in accordance with the 
slowly added. By substantially increasing the tribasic nature of the dye, lies at an auxiliary-dye 
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ratio of 3. This corroborates the assumption made 
at the beginning that an ion equilibrium exists 
between the dye anions and the cations of the 
levelling agent. The neutral salt D(AH), in the 
complex dye—auxiliary combination appears to be 
sparingly soluble in water. Dispersion of the 
sparingly soluble salt commences above a molar 
ratio of 3. 

Back carried out similar tests using two other 
buffer solutions of pH 6-84 and 2-78 under other- 
wise identical conditions. He then found the 
temperature minimum of the separation curves to 
be at lower molar ratios, the more acidic the 
solutions were. This js further proof of the fact 
that a dye—auxiliary salt is formed. The lower the 
pH of the solution the more Auxiliary A is present 
in cationic form. Because of this the equilibrium 
of the acid-base reaction is shifted towards the 
neutral salt. The acid-base equilibrium is 
composed of three separate steps on account of the 
tribasic nature of the complex dye— 


Dye*~ + (AH)* = Dye(AH)*- 
Dye(AH)*- + (AH)* = Dye(AH),- 
Dye(AH),~ + (AH)* = Dye(AH), 


At the same time it can be assumed that in less 
acidic solutions the products of the first and second 
neutralisation steps, which are probably more 
water-soluble than the ‘“‘neutral salt’’ D(AH),, 
contribute more to the equilibrium. 


Optical density 
° 
— 


° 


Wavelength, mu 
Spectrum of Dye M 932 
Spectrum of Dye M 932:A= 1:1 
Spectrum of Dye M 932:A = 1:2 
Spectrum of Dye M932:A = 1:3 


Fie, 9— Effect of molecular ratio of Dye M 932 to Auxiliary A 
(in acetic acid-sodium acetate buffer at 20°C—pH '-68) 
on absorption spectrum of dye 


O(AH); 


Absorption spectra of solutions with varying dye 
to Auxiliary A and B ratios confirm Back’s results 
(Fig. 9). For solutions in which the molar ratio of 
Auxiliary A to chrome-complex dye M 932 is 
less than 3, the absorption curves differ only 
insignificantly from those obtained with dye alone 
in the buffer solution. If, however, only “neutral 
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Wavelength, mu 
Spectrum of Dye M 932 
Spectrum of Dye M 932:B = 1:1 
Spectrum of Dye M 932:B = 1:2 
Spectrum of Dye M 932:8 = 1:3 


F1G. 10—Effect of molecular ratio of Dye M 932 to Auxiliary B 
(in acetic acid-sodium acetate buffer at 20°C— pH 4-68) 
on absorption spectrum of dye 


D(BH)s 


salt”’ is present in the solution at an auxiliary :dye 
ratio of 3, the resulting turbidity (intensive 
association of the neutral salt in the colloidal 
region) distinctly lowers the extinction value. 
(Fig. 10). The absorption spectrum of the solution 
of the “‘neutral salt’ D(BH), formed by Auxiliary 
B and the complex dye M 932 does not show any 
change in the extinction coefficient because of its 
much more hydrophilic properties, as can perhaps 
be seen better from Table IT. 


Effect of Auxiliaries A and B on Spectrum of 
Chrome-complex Dye M 932 


Amount of max Amax Dye} AAmax 
auxiliary agent (mp) (%) 
added* 

No addition 500t 0-495¢ 100 -- 
0-1 mmol A 500 0-475 96 0 
0-2 mmol A 507-5 0-493 100 7-5 
0-25 mmol A 512-5 0-507 102 + 12-5 
0-3 mmol A 512-5 0-190 38 12-5 
0-1 mmol B 0-473 0 
0-2 mmol B 505 0-491 99 5 
0-3 mmol B 512-5 0-508 103 + 12-5 


* Added to 0-117 g dye M 932 in buffered solution at pH 4-68. 
+ For 0-117 g dye M 932 in unbuffered aqueous solution the respective 


values are— Amax’ 502-5 my; = 0-497. 


Dyeings have been made which show that, as 
with the dye applied on its own, the adduct in 
which Auxiliary A and dye M 932 are present at a 
molar ratio of 1 produces only surface dyeings on 
chrome suéde. In both cases dyeing was carried out 
in a buffered solution at pH 4-68. However, the 
adduct was not as well fixed because of the number 
of dyeing sites that are blocked by the auxiliary 


agent. 
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The sparingly soluble “neutral salt” formed in 
the solution at a molar ratio of three is deposited in 
a finely dispersed form on the surface of the leather. 
Fixation on the substrate is even lower than in the 
case of dyeings produced at auxiliary to dye 
ratios below 3. The adducts of Auxiliary B and the 
complex dye M 932 are, like the adducts of Dye 
VI, distinctly more hydrophilic than the corre- 
sponding ones obtained with Auxiliary A, 
irrespective of whether they are present at a molar 
ratio of 1, 2 or 3. Only the dye salt which has one 
sulpho group blocked still has a certain tendency 
to combine with the leather fibre. If two or all 
three anionic charges are blocked by Auxiliary B, 
the adduct separates out of solution as an oily 
substance and has no affinity for the fibre. 


We shall now try to draw some conclusions 
relating to the dyeing of chrome suéde leather with 
anionic dyes in presence of ethylene oxide 
condensation products of the type of Auxiliaries 
A and B. 


The reduction in dye uptake that occurs when 
suéde leather is dyed with anionic dyes in presence 
of anionic auxiliaries clearly results from com- 
petition between the dye and auxiliary anions for 
the positively charged sites of the leather. It is more 
difficult, however, to explain the levelling action of 
products such as Auxiliary A and B™, which have 
affinity for the dyes. In determining the behaviour 
of the dye-auxiliary adducts in relation to the 
dyeing of chrome suéde leather, it was necessary 
to omit a number of ancillary problems. The 
levelling action of the condensation products A 
and B in wool dyeing can be considered to be a 
purely mechanical one. The tendency of the dye— 
auxiliary adducts to leave the aqueous solution 
and to attach themselves to the substrate in the 
form of thin layers leads to uniform coverage of 
the fibre surface. The layers formed are probably 
of the mono- or oligo-molecular types. However, it 
has to be assumed that the dyes containing sulpho 
groups have practically no affinity for the wool 
fibre when in the form of their salt-like auxiliary 
adducts and therefore give completely uniform 
surface coloration, i.e. all fibres are first uniformly 
enveloped by this film irrespective of their accessi- 
bility and dyeability. 

The reduction in affinity may be attributed to 
the blocking of the sulpho groups in the dye, i.e. 
dyes containing several sulpho groups blocked by 
Auxiliary A or B exhibit the same behaviour as 
dyes which are of similar constitution and which 
contain no sulpho groups or only one. 


On boiling, the dye diffuses uniformly into the 
wool fibre from the thin film formed on the surface. 
During diffusion into the interior of the fibre a 
dissociation of the “neutral salt’, first to the lower 
neutralisation steps and then to the dye anion 
and auxiliary cation, takes place. The dyes con- 
taining sulpho groups are then fixed primarily to 
the amino groups of the wool by a salt-like linkage, 
whilst the fixation of the auxiliary cations by the 
hydroxyl groups of the wool may be incomplete. 
According to the theory that the dye-auxiliary 
adducts produce a thin film on the surface of the 


fibre, the amount of Auxiliary A or B required 
depends not only on the concentration of dye used 
but also on the surface area available on the fibres 
to be dyed. 

The dissociation of the “neutral salts” to the 
lower neutralisation steps and dye anions and 
auxiliary cations when wool is dyed can take 
place only gradually or not at all in the dyeing of 
chrome suéde leather, on account of the low dyeing 
temperature employed. Therefore, the affinity 
and solubility of the salt-like adducts composed 
of dyes containing sulpho groups and levelling 
agents of the Auxiliary A or B type are of greater 
importance than in wool dyeing. These properties 
can, to a certain extent, be associated with the 
“sulpho group ratio’ of the dyes (ratio of the 
molecular weight of the dye to the number of 
sulpho groups present). It is important to note 
that the higher the sulpho group ratio and the 
more hydrophobic the levelling agent used, the less 
soluble are the dye—auxiliary salts in water. On 
the other hand, with a lower sulpho group ratio, 
the corresponding salt-like addition compounds 
become more hydrophilic. Dyes of high sulpho 
group ratio form sparingly water-soluble salt-like 
adducts even with the hydrophilic Auxiliary B. 

For example, Auxiliary B forms highly hydro- 
philic adducts with the complex dye M 932 which 
show only a slight tendency to colour leather. A 
certain degree of affinity is found only when not 
more than one negative charge is blocked by the 
auxiliary. On the other hand, Auxiliary A, which is 
much less hydrophilic, forms sparingly soluble 
adducts which, as has already been pointed out, 
become attached to the leather fibre. Under these 
conditions, the affinity for the leather fibre of the 
product whose three negative charges are completely 
blocked is in all probability based on mere adhesion, 
but the hydrogen bridges and the introduction of 
free protein radicals into the complex sphere of the 
dye may also be responsible for the linkage. 

To elucidate the actual processes involved in 
leather dyeing much more extensive study is 
required. However, as the present paper has 
shown, spectrophotometric analysis provides an 
effective means of studying the influence of 
auxiliaries of the A and B types on individual dyes, 
thus permitting the assessment of the probable 
outcome of the dyeings. Dyes can be divided 
into the following groups according to the influence 
of the auxiliaries on their absorption curves— 

(1) Dyes whose absorption curves are un- 
affected or only slightly affected (e.g., chrome- 
complex dye M 932 in presence of Auxiliary B) 

(2) Dyes whose extinction coefficients are 
either increased or lowered, whilst the wavelength 
of maximum absorption is only slightly affected 
(e.g., Dyes I-III) 

(3) Dyes whose extinction coefficients are 
either increased or lowered, whilst the wavelength 
of maximum absorption is distinctly affected 
(e.g. Dye V) 

(4) Dyes whose spectra show an additional 
absorption peak as well as an increase or decrease 
in extinction coefficient (e.g. Dye IV). 
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Effect of Auxiliary B on penetration of dyes into leather 
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To carry out a successful dyeing on chrome 
suéde leather the dyes should be selected according 
to the following principles— 

(1) The affinities of the individual dyes for 
chrome suéde leather should not differ greatly. 

(2) The additions of auxiliary agents should 
minimise differences in affinity of the dyes by 
forming adducts. 

(3) The absorption spectra of the dyes 
selected should show similar changes on addition 
of the auxiliaries. 

The influence of these auxiliary agents on the 
outcome of dyeings on leather is clearly visible 
in the micrographs, which show cross-sectional 
cuttings of chrome-tanned suéde leather dyed with 
and without the aid of Auxiliary B. In Fig. 11 
the dye acid alone exhibits little tendency to 
penetrate, whereas with Auxiliary B penetration 
is practically complete. This illustrates very clearly 
the extent to which an auxiliary agent is able to 
influence the properties of a given dye. The 
absorption curves of the two solutions are very 
little different, so that in this case it is mainly the 
affinity of the dye which has been reduced by 
blocking the negatively charged sulpho groups. 

The selective influence upon certain dyes is 
perhaps more apparent in Fig. 12, which consists 
of micrographs of dyeings made by means of a 
yellow, a red, and a blue chrome-complex dye. 

The use of Auxiliary A or B has been found to 
be particularly advantageous when producing 
trichromatic dyeings on chrome suéde leather by 
means of a yellow, a red, and a blue dye. Of the 
many dyes tested, the following three 1 : 1 chrome- 
complex dyes in particular have proved to be 
suitable: 


(a) yellow 1: 1 chrome-complex of— 


HOOC 


C.1, 19010 


(6) red 1: 1 chrome-complex of — 


OH 


C.1, 19115 
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(c) blue 1: 1 chrome-complex of —~ 
HO 


C.1. 15050 


OH 
won-/ 


The yellow chrome-complex dye exhibits some- 
what less affinity for chrome leather than the other 
two components. Thus the yellow dye completely 
penetrates the leather, whereas the red and the 
blue dyes build up on the surface only. A dyeing 
of this kind is naturally highly unsuitable in view 
of the subsequent buffing of the leather, since the 
dyes are not uniformly distributed throughout the 
cross-section of the leather. However, the 
differences in affinity of the three chrome-complex 
dyes are such that suitable additions of Auxiliary 
A or B are capable of balancing them up by forming 
adducts. By comparing the dyeings produced with 
and without additions of auxiliaries, it is seen 
that the cross-section of the leather is dyed 
uniformly in the presence of an auxiliary, whereas 
this is not so when no auxiliary is employed. 

Fig. 13 shows a similar dyeing with the same 
components. In absence of auxiliary agent, the 
blue dye remains in the surface areas of the leather, 
but is dispersed well into the interior regions of the 
interwoven fibre structure with the aid of Auxiliary 
B. 

These dyeings clearly show the great advantages 
which the use of levelling agents of the Auxiliary A 
and B type has to offer, especially where differences 
in penetration and affinity of the dyes used would 
normally present difficulties. 

Lrp 
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Discussion 


Mr. H. R. Haprietp: What do the authors 
consider to be the relation between a change in 
absorption spectrum and the dyeing properties of 
a dye-agent complex! It is suggested that a 
reduction in absorption maximum, corresponding 
to the formation of a dye—agent complex, results in 
a significant reduction of the dyeing rate, yet 
Casty has published information to show that on 
wool the formation of complexes actually increases 
the dyeing rate. How can these two views be 
reconciled? 


Have the authors attempted to correlate the 
formation of complexes with the properties of the 
dye? They would, perhaps, be interested in a 
paper published this year in the Journal by Craven 
and Datyner, where a correlation between complex 
formation and the hydrophobic properties of the 
dye is established. 

Dr. Hernpi: According to R. Casty (SVF 
Fachorgan, 13, 486 (1958)), the addition compounds 
formed under acid conditions between ethylene 
oxide condensation products of group 2 (p. 649) and 
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certain anionic dyes are taken up fairly rapidly by 
the wool fibre at a relatively low temperature 
(60°C). As examinations have shown, the dye— 
auxiliary product at first forms only a uniform 
sheath-like coating over the surface of the wool 
substrate. It is only at a higher temperature that 
the dye is capable of penetrating from this coating 
into the interior of the fibre. 

The acceleration by the auxiliary agent of the 
uptake of dye, as pointed out by Casty, applies 
only to the first stage of the dyeing process. The 
second stage, in which cleavage of the adduct and 
penetration of free dye into the fibre take place, 
does not always proceed rapidly. 

As has been mentioned by Craven and Datyner 
(J.8.D.C., 77, 304 (1961)), no direct relation exists 
between the rate of uptake and the alteration in 
the absorption of dye solutions caused by the 
influence of auxiliaries with affinity for the fibre. 
However, these authors point out that it is 
primarily the force with which the dye—auxiliary 
adduct is held together that has a decisive influence 
on the yield of wool dyeings. 

If a substrate, e.g. suéde chrome calf leather, has 
to be dyed at a lower temperature, it is very likely 
that the dyeing behaviour of the dye—auxiliary 
adduct is mainly responsible for the yield. With 
the majority of these adducts, cleavage can be 
expected to take place only at a fairly high 
temperature. 
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The following brief statement can be made on 
the relation between changes in absorption spectra 
and dyeing behaviour: 

A lowering in the optical density of the dye 
solution brought about by the addition of 
auxiliaries points to an increase in aggregation. 
On the other hand, a highly aggregated compound 
penetrates the leather much more slowly than the 
free dye in a state of lower aggregation. This can 
only be explained by the fact that the dye- 
auxiliary aggregates have to overcome greater 
diffusion forces which are not encountered in the 
first phase in wool dyeing. It is therefore very 
likely that even large dye—auxiliary aggregates are 
taken up by the wool more rapidly than the free 
dye. A reduction in extinction is therefore usually 
evident in leather dyeing by a retardation in dye 
uptake, which is not necessarily the case in the 
dyeing of wool. 

Mr. R. K. Fovrness: The points on the lower 
curve of Fig. 2 imply that measurements of the 
Cr,O, absorbed were made after 3, 14, 2}, 23, and 
so on, tannages had been performed. What is the 
true meaning of this? 

Dr. Hernpi: The points on the lower curve of 


Fig. 2 do not correspond with the actual experi- 
mental values, but simply indicate this curve as 
the one pertaining to the absorption of Cr,O,. 
Naturally, the measurements were made after 
completing each individual tanning operation. 
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Modern Physical Techniques in Colour Formulation 


J. V. Atprerson, E. ATHERTON, and A. N. DERBYSHIRE 


The possibilities of using modern physical instruments in colour control and formulation are discussed, 
with specific reference to filter colorimeters, spectrophotometers, and high-speed electronic digital 
computers. It is shown that visual assessments can be used to calibrate colorimeters, so that measurements 


of small colour differences may be expressed in colourist’s terminology. An electronic computer has been 


programmed, to enable rapid colour-matching calculations to be carried out. 


implications of this method are discussed. 


Introduction 

Colour, as it concerns the dye and pigment 
technologist, is a subject shorn of its poetic aspect. 
The colourist rarely indulges, because of lack of 
either inclination or opportunity, in those flights of 
fancy to which his artistic and scientific counter- 
parts in the fields of applied colour are prone, but 
his particular use of colour calls for as much 
judgment as does theirs. His skills are not to be 
acquired without considerable labour and applica- 
tion, and it is therefore not surprising if he views 
with reserve attempts to reduce some of his activi- 
ties to exercises with physical instruments. The 
fact is that the average colour technologist is a 
shrewd and thoughtful individual who must be 
prepared on occasions to back his judgment of 
colour and its formulation when large sums of 
money are at stake. The successful colourist is the 
one who guesses correctly more often than not, and 
who possesses sufficient skill or personality to cope 
with his partial failures without loss of prestige. 

At present, a minor revolution is in inception in 
the colour-using industries. The physicist is now 
able to provide optical instruments which are 
capable of recording colour in numbers, to limits of 
precision comparable with the smallest differences 
that can be seen by eye. The interpretation of these 
numbers in terms familiar to the colourist can be 
made, although there is no unique translation that 


can be invoked in instrumental applications be-- 


cause of differences in colourist’s terminology and 
in criteria applied in different industries. The task 
of relating the readings of any particular colori- 
meter to colourist’s terminology is probably better 
undertaken by the colourist with a basic knowledge 
of colour physics than by the professional physicist. 
Certainly the necessary knowledge can be acquired 
more easily by the former than can the formidable 
technology of colour application be absorbed by 
the latter. 

In this respect the full exploitation of current 
instrumental development must depend in the first 
instance upon goodwill and application by colour 
users. This does not imply that the uncritical use 
of any physica) instrument on complicated prob- 
lems will be attended by success. Instruments 
must be applied at first with caution until, assum- 
ing a suitable instrument is employed, it is possible 


The applications and 


to delegate certain phases of colouring processes 
to routine instrumental analysis. The ultimate 
goal of completely instrumental colour technology 
has not yet been achieved, but it would be unwise 
to deny the possibility of this in the next few 
decades. Short of this, at present, utopian solution, 
it is clear that already colorimeters are being 
purchased by the colour-making and colour- 
using industries in increasing numbers, and are 
proving advantageous from economic and quality 
standpoints. The present paper is an attempt to 
review some of the recent practical applications of 
physical instruments -to the fields in which the 
colourist operates, to assess the part they can 
play in different phases of practical operation, 
and to indicate likely future trends. 


Subjective Colour Estimation and the 
Formulation of Colorant Mixtures 
Many of the problems confronting the colourist 
are concerned with the selection and formulation 
of dye or pigment mixtures to produce a colour 
matched to a specified sample and to judge by eye 


the magnitudes and significances of colour 
differences between dyed or pigmented patterns. 

In order to describe a colour difference in signi- 
ficant terms, the colourist must use variables that 
can be conveniently adjusted in practice. There 
would be, for example, little point in describing the 
difference between two patterns as one of lightness, 
since no single practical adjustment (e.g. addition 
of more of an existing dye in a mixture or introdue- 
tion of dye of a different hue or a brighter dye of 
the same hue) will remove a difference of lightness. 
A much more significant description is obtained in 
terms such as strength, since changes of colour 
produced when more or less of a dye is used are, 
by definition, changes of strength. 

The colourist is able not only to describe colour 
differences in terms such as strength, but also to 
estimate quantitatively the magnitudes of these 
differences. This skill is learned only by experience 
and with careful tutelage, and forms the traditional 
basis for colour assessment in the colour-making 
and colour-using industries. 

It would be idle to pretend that even an 
experienced colourist is perfectly reproducible in 
his judgments, compared either with his own past 
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assessments or with the assessments of other, 
equally skilled, colourists. This must be true, 
because the standards of colour-matching 
demanded are pushed increasingly towards the 
limit of perception. The colourist has perceptive 
equipment which is basically no better than that of 
the man who may complain about the results of his 
work. To complain it is only necessary to perceive 4 
difference of colour, but the colourist must perceive, 
assess, and often correct a colour difference. Thus, 
from a functional viewpoint, a colour difference 
exists for the colourist only if he can not only 
perceive it, but also describe it unambiguously in 
terms of its attributes (strength, shade, and 
brightness). In this situation he is at a dis- 
advantage because he must work with increments 
of colour that are only just within his powers of 
discrimination, and is therefore not completely 
reproducible in judgment. 

In the practice of his skill he is also conscious of 
other, non-technical, factors which are often 
mutually incompatible, e.g. the need for speed so 
as to avoid losses from idle capital equipment or 
stock and the even greater loss that might be 
involved in a snap judgment, if a justifiable 
complaint were to arise subsequently. 

The way in which these requirements on per- 
formance are met by different individuals leads to 
different interpretations of the concept of a 
significant colour difference. If it is taken that such 
a difference, related to any one of the three attri- 
butes strength, shade, and brightness, is the 
smallest that can be perceived with certainty by a 
colourist, and is called a trace, the following data 
illustrate the variations which occur. They are 
drawn from a survey carried out by McLaren', the 
assessments all having been made by colourists of 
over five years’ experience. Large numbers of pairs 
of patterns covering a wide range of hues were 
prepared, showing small non-metameric differences 
in shade and brightness, but not in strength. These 
were assessed by the colourists, and the mean 
assessment for each pair and the frequency of 
individual deviations from it were determined. 
Departures of individual assessments from the 
mean were then as shown in Table I, in which all 
the results have been combined since there is no 
significant difference in accuracy when judging 
shade or brightness. 


Tasre I 
Difference from mean Individual assessments 


(%) 


This distribution is approximately Gaussian in 
form and corresponds to a standard deviation of 
about one trace. Thus, although the individual 
colourist thinks of a trace as the smallest difference 
in any attribute of colour that he can perceive 
with certainty, it appears that the trace represents 
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his standard deviation from the group judgment— 
i.e., the individual will differ by more than a 
trace from the group judgment once in every three 
assessments. 


THE INSTRUMENTAL APPROACH TO COLOUR 
The basic philosophy of the instrumental 


- approach is to establish techniques, associated with 


physical instruments, that will enable the colour 
perception of the normal individual to be expressed 
quantitatively and thus to provide a universally 
acceptable reference system for use in scientific 
and commercial applications of colour. 

Colour, as it concerns the dyeing and pig- 
mentation industries, is produced by a process of 
selective absorption of light. Clearly, the factors 
that can influence colour are the distribution of 
energy in the illumination under which the colour 
is perceived, the way in which the dye or pigment 
modifies this distribution, and the translation of 
this modified light into colour by the normal eye. 
The first two factors are amenable to exact physical 
specification, but the colour-translating properties 
of the eye are more obscure. Although many 
physiological studies * have been carried out into 
the stimulation of the eye by light, it is clear that 
simple specification is necessary for the establish- 
ment of a practically convenient system of instru- 
mental colour specification. A suitable basis was 
provided by Wright*® and by Guild‘, who used 
the principle of equivalent stimuli in experiments 
in which the individual wavelengths of the 
visual spectrum were colour-matched by normal 
observers, using adjustable amounts of three 
physically defined light sources or primaries, 
coloured red, green, and blue. 

The data of Wright and Guild were adopted by 
the CIE (Commission International d’Eclairage) 
in 1931 °, as defining the colour perception of the 
normal eye in terms of three defined standards. 
The way was now clear for the full practical 
exploitation of instrumental colorimetry. For a 
variety of reasons, however, progress was slow. 
The necessary instrumentation included a spectro- 
photometer, to determine the light-reflecting or 
-transmitting properties of the material whose 
colour was to be specified and, in view of the large 
number of colour determinations necessary in any 
practical application, a costly recording spectro- 
photometer was desirable. This virtually restricted 
use of the technique to large companies and 
academic institutions, particularly in the U.S.A., 
where a recording spectrophotometer (the G.E. 
instrument) * was available from the late 1930s. 
In 1949, a further boost was given by the intro- 
duction of the Librascope tristimulus integrator 7, 
by which the tristimulus values— 
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were computed automatically while the spectro- 
photometric curve was being drawn by the G.E. 
Spectrophotometer. 

The integrator-spectrophotometer combination 
was shown by Davidson and Imm ’ to be capable of 
discriminating colour differences corresponding to 
about one trace*. A breakthrough had been 
achieved that made possible practical instrumental 
colorimetry but at a cost (approximately £16,000) 
that was beyond the means of many potential 
users. 

The next significant advance was the appearance 
of the Hunter Filter Colorimeter *, which enabled 
values of X, Y, and Z to be determined by measuring 
a sample with a lamp-filter—photocell combination 
so chosen that the weighting factors #, and 
2, in Eqn. 1 were multiplied bythe reflectance 
R, and the integrals derived automatically. This 
method brought about a spectacular reduction in 
the cost of the equipment for practical colorimetry, 
and in the ensuing years many instruments based 
on the same principle have been marketed. 

The absolute accuracy of this type of instrument 
is limited essentially by the extent to which the 
characteristics of the lamp-filter—-photocell com- 
bination used reproduce the CIE Standard Observer 
Data, and in most commercial instruments signifi- 
cant deviations are found. The importance of these 
deviations will depend very much on the use which 
is made of the instrument. They will clearly limit 
the accuracy of measurement of a single pattern, 
so that the tristimulus values obtained must be 
regarded as only an approximate indication of the 
absolute values. Their importance in the measure- 
ment of colour difference will depend on the degree 
of metamerism between the patterns being com- 
pared. For non-metameric or only slightly meta- 
meric combinations, exact reproduction of the 
Standard Observer Data is not important, and 
instrumental results can be shown to correlate 
excellently with visual assessments (discussed in 
detail in the next section). Consequently, this type 
of instrument can be used for standardisation of 
known colorant mixtures, and also for match 
prediction if precautions are taken against using 
recipes showing large metameric differences. 

In measurement of metameric pairs, instrumental 
deviations from the Standard Observer Data will 
clearly give results that do not correlate with 
visual assessment of colour differences. In this 
situation, however, the more exact procedure of 
integrating reflectance curves measured on a 
spectrophotometer may still not produce instru- 
mental values in complete accord with visual 
assessment. This is not surprising, for quite 
marked variations in assessment of metameric 
differences are found from one observer to another, 
owing to slight differences in colour vision and 
macular pigmentation, and this must obviously 
limit the agreement which can ever be obtained 
with instrumental values. There is, furthermore, a 
limitation imposed on the CIE data themselves 
which may be of importance in the measurement of 
metameric pairs. The Standard Observer Data are 
based on measurements in a 2° field of view, which 
is much smaller than the one commonly employed 
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in colour-matching work. Consequently, it is 
possible for completely accurate CIE tristimulus 
values for metameric pairs still to show systematic 
differences from average visual assessment, because 
of this difference in viewing conditions. Recently, 
data have been published for a 10° field’, although 
these results have not yet been officially adopted 
by the CIE. It may well be that use of these new 
results in place of the original Standard Observer 
Data will improve agreement between instrumental 
and visual assessment of metameric differences. 
In the meantime it must be concluded that applica- 
tion of photoelectric colorimeters is best confined 
to patterns showing only slight metameric dif- 
ferences. This principle has been applied to all of 
the work described in this paper: strongly meta- 
meric matching has been avoided and use of 
absolute colour measurement has been confined to 
formulation of first-trial dyeing recipes, where the 
inevitable inaccuracy of the absolute values can be 
corrected by subsequent adjustments to the 
recipe. 

The instruments used in this work are the G.E. 
Recording Spectrophotometer*® and the Color- 
master Differential Colorimeter “, both of which are 
adequately described in the literature. The 
spectrophotometer was used for the measurement 
of complete reflectance curves, to establish the 
adequacy of the equations used in the methods of 
match prediction described, and to derive the 
necessary data on individual dyes for the practical 
application of such methods. The Colormaster 
was used to establish the relations between instru- 
mental and visual assessments of colour difference, 
and also for the measurement of patterns in the 
investigation of instrumental colour matching. 


Applications of Physical Methods 
THE RELATION OF COLOURIST’S TERMINOLOGY 
TO COLORIMETER VARIABLES 


Instrumental colour measurements are normally 
expressed in the first instance as the X, Y, and Z 
tristimulus values of the CIE system, of which the 
value Y has the special significance of representing 
the luminance of the material. To assess the 
significance of these values it is convenient to form 
from them two other variables, the chromaticity 
coefficients, defined by— 


2= X\(X+Y+2Z) } 


y = Y(X+¥+2Z) (2) 


The chromaticity coefficients between them repre- 
sent the attributes of hue and purity, and together 
with the luminance value Y again provide a unique 
specification of the colour. The chromaticity 
coefficients may be plotted in a plane figure (Fig. 1) 
to produce the chromaticity diagram, in which the 
white point is towards the centre of the figure and 
the spectrum locus together with the line joining 
the ends of the locus define the limits of physically 
realisable colours, so that all real colours must 
plot within this area. Then the hue of a colour is 
indicated approximately by the hue of the spectral 
colour to which a line from the white point through 
the z, y values of the colour projects (the dominant 


wavelength), and its purity is indicated by relative 
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White point 
(w) 


Cc 
(Monastral Fast Blue LB) 


Ap Dominant wavelength 
WC/WaAp Excitation purity 


Fie. 1— Dominant wavelength and excitation purity of 
Monastral Fast Blue LB 


distance along this line towards the spectrum 
locus. 

It is apparent that, when chromaticity differences 
are expressed in this way, physical meaning can 
readily be attached to them, and also to differences 
in lightness, but these differences will still not 
correlate directly with the colourist’s terminology. 
A further serious drawback to this system as it 
stands is that a given numerical change in 
chromaticity in various regions of the chromaticity 
diagram by no means represents an equal visual 
change of colour. Similarly, a given numerical 
change in luminance does not represent an equally 
apparent lightness change at different lightness 
levels. Numerous attempts have been made to 
correct for this by transforming the chromaticity 
co-ordinates and the luminance values to new 
variables, in which a given change in any of the 
variables will be equally apparent visually at all 
points of colour space, but none of these can be 
claimed to be completely successful. By combining 
the transformed variables into a single equation, 
any colour difference can be expressed as a single 
scale which should indicate numerically its apparent 
magnitude. The N.B.S. unit of colour difference ™ 
has been derived in this way, and while its use in 
industrial applications in the U.S.A. appears to be 
fairly widespread, it is not extensively used in this 
country. 

Another method of defining a system of equal 
colour spacing is to develop a series of permanently 
coloured chips having equal apparent differences 
from one chip to the next. One of the best known 
of these is the Munsell system ™, where the chips 
form a cylindrical array in which the central axis 
consists of a set of equally visually spaced neutrals 
from black to white. The distance along this axis 
represents the Munsell value of the neutrals and 


also of colours lying on the same plane but away 
from the neutral axis by a distance representing the 
Munsell chroma. The Munsell hue circle is repre- 
sented by angular movement around the cylinder. 
The spacing of patterns on this system is generally 
accepted as being visually satisfactory, and the 
colour co-ordinates of these patterns have been 
used to develop and check the uniform chromaticity 
systems referred to above. It will be noted, 
however, that the Munsell system still effectively 
retains a function of luminance only as one of its 
variables, so that it would be anticipated again 
that differences expressed in this system wil] not 
correlate directly with the colourist’s variables. 


The alternative to any of these approaches is to 
translate directly from instrumental measurements 
of colour difference into the language of the 
colourist. This can be done in any particular small 
region of colour space by direct correlation experi- 
ments in which pairs of patterns are measured on 
an instrument and also assessed by colourists. It 
has the great advantage that the precision of the 
instrumental approach is expressed directly in 
terms that the colourist can appreciate, and so the 
utility of the method for practical applications 
can readily be assessed. 


The Transformation Equations 

Since either of the two sets of variables, x, y, Y, 
and strength, shade, brightness, can be used to 
specify any colour uniquely, it is clear that any 
variable of the one set may be regarded as a 
function of the three variables of the other set. For 
example, strength may be regarded as some func- 
tion of x, y, and Y. If the calculus of small varia- 
tions is applied to this function, it is possible to 
write a small variation in strength AS in terms of 
the three partial differentials, as shown in Eqn. 3—- 


AS = . ae (3) + 
where S is the strength as a function of x, y, and Y, 
and Az, Ay, AY is the instrumental colour dif- 
ference corresponding to a visual difference of 
AS traces of strength. The values of the three 
differentials in Eqn. 3 will depend on the colour 
about which the variation is being made, but for a 
given colour (the colour of the standard product 
in the case of colour standardisation) these will 
have a constant, but as yet unknown, value. Using 
an identical analysis for the remaining two visual 
variables, Eqn. 4 are obtained— 
AS = (a,x Az) + (b,x Ay) + (c¢,xAY) 
for strength 
(a,x Ax) + (b,x Ay) + AY) 
for shade (greenness) 


(a,x Ax) + (b,x Ay) + (c;xAY) 
for brightness 


AG = 


AB 


It should be noted that Eqn. 3 is accurate only for 
very small colour differences, as terms of second and 
higher order have been ignored. It has, however, 
been found that linear equations represent the 
situation sufficiently well for the size of colour 
difference experienced in practical standardisation 
to justify the neglect of these terms. 
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Once the nine constants of Eqn. 4 have been 
determined for a particular standard colour, it 
will clearly be easy to use the equations to calculate 
the colour difference in traces from the instrumental 
difference Az, Ay, AY. The standard colour chosen 
for the first experiment was a saturated blue, the 
blue used in practice for the standardisation of the 
paint pigment Monastral Fast Blue LB (C.I. 
Pigment Blue 15). The reason for choosing a blue 
was that, in the blue region of the chromaticity dia- 
gram, published data ™ indicate that the eye is most 
sensitive to a given chromaticity difference, and 
therefore by choosing to operate in this region the 
sensitivity of the colorimeter was most searchingly 
tested. Coloured paint films rather than textile 
substrates were chosen because of the possibility of 
preparing smooth uniform patterns and thus 
ensuring that real colour differences rather than 
differences in surface structure were being measured 
and assessed. 

As the nine constants of Eqn. 4 have to be 
determined statistically, a large number of pat- 
terns showing small colour differences from the 
standard had to be prepared, and a number of 
assessors had to be used. The standard paint was 
made up and fifty patterns of painted card were 
made from this standard paint shaded to various 
extents with small amounts of shading paints. 
Three series of patterns were made, one by shading 
the standard paint with white to produce a series 
with strength variations, one by shading with 
green and violet paints to produce a series with 
mainly shade variations, and one by shading mainly 


with a grey paint to produce a series with brightness 
variations. All these patterns were assessed against 
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the standard colour by thirteen assessors in terms 
of strength, shade, and brightness, and the means 
of the assessors’ results were formed. The patterns 
were also measured on the Colormaster Differential 
Colorimeter and the colour differences from the 
standard recorded as Az, Ay, AY. The nine 
constants of Eqn. 4 are obtained from these data 
by the method of least squares, to give the following 
equations— 

S = 1165 Az 

for strength 
0-72 AY 
for greenness 
2-31 AY 
for brightness 
Negative signs arising from the use of Eqn. 5 
indicate the presence of weakness, redness, or 
dullness, respectively. 

Eqn. 5 represent the way in which variations in 
chromaticity and luminance about a certain blue 
standard are connected with the corresponding 
mean visual appearance to the eyes of thirteen 
trained assessors. The validity of Eqn. 5 may be 
seen from the fact that the correlation coefficient 
between the assessors’ mean results and the 
assessments calculated using the equations is 0-95. 
As the colour differences used in the derivation of 
the equations were mainly of one attribute only, 
and as they had been artificially produced by 
shading with other coloured paints, it was thought 
desirable to check the validity of the equations for 
colour differences in cases where all three attributes 
were varying together and where the colour 
differences were of a natural origin (variation of 
crystalline form or particle size). Table II shows 


217 Ay — 380 AY 


G = 1196 Av + 402 Ay + 


B= 431 Ar — 254Ay + 
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Comparison of Instrumental and Colourist Assessment of Colour Differences 
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that there is good agreement between the visual 
assessments and the values calculated from Eqn. 
5 in these cases. 


A Geometrical Interpretation of the 
Transformation Equations 

The derivation of equations relating the visual 
system to the instrumental system of colour 
difference measurement has so far been treated as 
an exercise in the statistics of finite differences. 
There is, however, another way of looking at the 
formation of the equations which perhaps gives a 
clearer picture of their physical meaning. The 
chromaticity diagram, together with the third 
dimension of luminance, can be regarded as an 
ordinary three-dimensional volume, a colour space, 
in which every point represents a different colour, 
with adjacent colours merging imperceptibly into 
their neighbours. At one particular point in this 
colour space lies the saturated blue colour that has 
been chosen as the standard colour for this work. 
From this point, movements can be made in any 
direction, but there will be three directions of 
particular importance; in one of these the colour 
will become stronger or weaker (depending on 
whether a forward or backward motion is made), 
in another the colour will become greener or redder, 
and in the third brighter or duller. In any other 
direction the colour will vary in more than one 
attribute. If only very small colour difference 
movements are made, these directions will be 
constant, and the colour difference from the 
standard colour will be directly proportional to the 
distance travelled. The colour of the standard may 
be regarded as the mathematical origin of a set of 
co-ordinates Av, Ay, AY in colour space, and the 
three main directions of strength, shade, and 
brightness variations may be treated as straight 
lines passing through the origin (Fig. 2). The 
equations of these straight lines are given below. 


Az/l, = Ay/m, = AY/n, = AS 
for strength 
Azjl, = Ay/m, = AY/n, = AG (6) 
for shade 
Az/l, = Ay/m, = AY/ny = AB 


for brightness 


Strictly, the equations of the straight lines are given 
by the ratiol: m:n. In Eqn. 6 the magnitudes of 
the constants have been included so that the 
distance along the line corresponding to one trace is 
defined. The equation of the shaded plane of Fig. 2 
containing the lines of variable shade and bright- 
ness, i.e. the plane of zero strength difference, can 
be calculated to be 


Ne ny AY <0 


Ax Ay + 


my 
It can also be shown that the plane parallel to this 
which cuts the line of variable strength at a point 
corresponding to AS traces is given by— 


Ns 


ny 
by my 


1, m,n, 
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AY 


4 


Brightness 


Fic. 2— Schematic representation of shade, strength, and 
brightness loci in colour space 


Shade 
Ay 


Ax 


It is therefore reasonable to assume that all the 
points in the vicinity of the standard point which lie 
on this plane have a strength difference of AS traces 
from the origin, no matter what the associated 
difference in shade or brightness may be. Eqn. 7 
and two similar equations for shade and brightness 
are identical in form with Eqn. 4, although they 
now have the additional meaning of being the 
equations of planes of constant strength, shade, and 
brightness in colour space. The nine values of 1, m, 
and » can be calculated from Eqn. 5, and these give 
the directions in colour space of the lines along 
which only strength, shade, and brightness vary. 
The projections of these lines on the chromaticity 
diagram are shown in Fig. 3. 
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Fic. 3— Comparison of strength, shade, and brightness loci 
with other colorimetric parameters 
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It was stated earlier that conventional colori- 
metric variables do not correspond with the 
colourist’s variables and give results which differ 
from those based on visual examination. On Fig. 3 
are drawn lines of constant purity and dominant 
wavelength, which are two commonly used colori- 
metric variables, and also the lines of constant 
chroma and hue, which are two of the variables of 
the Munsell system. None of these lines corre- 
sponds even closely with the directions of the 
lines representing the colourist’s variables. In fact, 
by using Eqn. 5 it can be shown that, for colour 
differences from the standard blue— 


1 Munsell Hue step = 6-4 traces weak, 7-0 traces 
red, 1-5 traces dull 
7-6 traces weak, 6-4 traces 
red, 5-4 traces dull 
11-6 traces weak, 2-2 traces 
green, 7-0 traces bright 


1 Munsell Chroma step = 


1 Munsell Value step = 


Clearly there is no resemblance between the 
Munsell variables and the variables of strength, 
shade, and brightness. 

It is also interesting to note that a colour varia- 
tion involving a change in luminance but with no 
change in chromaticity produces a visual change in 
both strength and brightness, with a little change in 
hue. It would therefore be impossible for any 
instrumental system to use luminance as one of the 
colour attributes and at the same time have its 
attributes identical with the colourist’s variables. 

The widely accepted unit of total colour 
difference, the N.B.S. unit, which is used by some 
industries as the unit of colour tolerance for 


commercial matches, compares with the trace at 
this point of colour space as follows— 
1 trace of strength difference = 0-47 N.B.S. units 


1 trace of shade difference = 0-75 N.B.S. units 
1 trace of brightness difference = 0-84 N.B.S. units 


This agreement between the trace and the N.B.S. 
unit is not very good, and for the six other colour 
standards that so far have been investigated in 
this way, no better agreement has been found. 

The correlation between instrument readings 
and colourist’s assessments has now been estab- 
lished about seven different coloured centres, 
representing saturated blue, green, yellow, orange, 
and scarlet, and a weaker orange and scarlet. In 
all cases it proved possible to represent traces of 
difference in colourist’s attributes by linear equa- 
tions of the type of Eqn. 4, with different values of 
the coefficients at each centre. It may be con- 
cluded that a direct translation from instrument 
readings into colourist’s terminology can be 
established at any point in colour space, and that in 
measurements on regular surfaces, e.g. the paint 
films used in this work, the precision of the Color- 
master equals or exceeds that of single colour 
assessments. 


THE PHYSICS OF SUBTRACTIVE COLOUR 
MIXTURES AND THE PREDICTION OF 
COLOUR MATCHES 

The experimental work described above is proof 
that instrumental measurement can replace to an 
adequate degree of precision that part of the 
colourist’s skill which is concerned with describing 
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colour differences in quantitative terms. It is now 
necessary to consider how far instrumental results 
may be used to replace that part of the colourist’s 
skill which is concerned with removing by recipe 
adjustment the differences he has described. The 
approach used to solve this problem also gives a 
basis for formulating the first trial recipe for dyeing 
a match which has not previously been made, so 
that it is convenient to consider this aspect of the 
colourist’s work at the same time. 


Relationship between Dye Concentration and 
Monochromatic Reflectance 

A solution to this problem must clearly be based 
on a relation between the reflecting properties of a 
dyed textile material and the concentration of dyes 
applied to it. Several theoretical expressions have 
been developed for expressing the reflectance of 
material in which both scattering and absorption 
are occurring, of which the best known is probably 
that due to Kubelka and Munk”. Their formulae 
were modified by Atherton ® for the case of colli- 
mated incident light, a condition which applies to 
both the spectrophotometer and the colorimeter 
used in this work. For a dye on textile substrates, 
other assumptions may be made which further 
simplify the expressions to be used: it may be 
assumed that scattering is due to the substrate 
alone and that monochromatic absorption by the 
dye is proportional to the concentration of dye 
present. The relation between reflectance by a 
textile material at wavelength A and the concentra- 
tion of dye which it contains may then be expressed 


by— 
(a), + ae cove 


where R, is the monochromatic reflectance of the 
dyed material at wavelength A, (R,), is the corre- 
sponding reflectance of the undyed substrate, c is 
the concentration of dye, and «, is the absorption 
coefficient characteristic of the particular dye used. 
When more than one dye is present, additional 
terms of form ac may be added to take account of 
this, and for the general case of interest in colour 
matching where three dyes are present, the equa- 
tion takes the form— 


The validity of Eqn. 8 may be checked, and 
values of «, determined, by carrying out dyeings 
over a range of concentrations and determining the 
full spectral reflectance curve of each one. Similarly 
the applicability of Eqn. 9 may be checked from 
mixture dyeings where «, values have previously 
been determined in this way for the single dyes used 
as components in the mixture. Early experimental 
work * to test these equations, and the methods 
of match prediction derived from them, was carried 
out using level-dyeing acid dyes on wool flannel, 
and in this system they provided an adequate 
representation of the effects of dye concentration on 
reflectance. In later work on other dyeing systems, 
using the digital computer technique described 
below, it proved advantageous to use a more 
complex relation between reflectance and con- 
centration, but the simpler Eqn. 8 and 9 will serve 
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adequately to describe the methods of match 
prediction which have been developed. 


Methods of Match Prediction based on 
Measurements of Reflectance Curves 


It is apparent that if the pattern to be matched 
is measured on a spectrophotometer and the mono- 
chromatic reflectance at three different wave- 
lengths determined, Eqn. 9 may be written out for 
each of these wavelengths with the measured 2, 
values and the known values of (R,), and of «,,, 
a, and a, for the dyes chosen to attempt the 


match. This will give three simultaneous equations 
which may be solved for the three concentrations 
Cy, €,, and ¢,, to give a recipe for a matching. 
Provided the same dyes are used to attempt the 
match as were used to dye the pattern to be 
matched, this simple technique works quite 
well. In the more general case, however, when 
different dyes are used, the shape of the reflectance 
curves of the unknown sample and of the attempted 
matching will differ, and the predicted concentra- 
tions will clearly depend on the wavelengths chosen 
to set up the equations. A good match will not 
generally be obtained from an arbitrary choice of 
wavelengths. As would be expected, therefore, the 
method is of limited utility as a general matching 
technique. 

A refinement of the same technique may be 
made which requires the use of an analogue com- 
puter. This approach has been described by 
Atherton '*. It consists in setting up on the com- 
puter the complete reciprocal reflectance curve of 
the pattern to be matched, and also a synthetic 
curve of the same kind based on Eqn. 9 from the 
known «, values of the dyes used to attempt the 
match. The shape and height of the second curve 
can be modified by adjustment of the three 
“eoncentration’’ controls on the computer until 
the best overall fit between the two curves is 
obtained, when the settings of concentration to 
achieve this condition will again be an indication 
of the matching recipe. The method eliminates the 
need to make an arbitrary choice of three wave- 
lengths, and the operator can use his own judgment 
to assess the relative importance of deviations 
between the two curves when these are not of 
identical shape. As a consequence, better matches 
are possible than are given by the three-wave- 
length method in these circumstances, but the 
method still does not give an unambiguous pre- 
diction of the best recipe. A much more refined 
and accurate instrument operating on the same 
lines is the comic computer made by Davidson 
and Hemmendinger in U.S.A. 


Methods of Match Prediction based on 
Tristimulus Values 

These drawbacks to the foregoing methods, 
which would be expected on theoretical grounds 
and which are confirmed by experiment, arise 
essentially from a neglect of the eye's characteristic 
of synthesising an overall colour sensation from 
the mixture of radiations which it receives. The 
CTE system does in fact allow for this, and it is 
logical therefore to seek an improved method of 
match’prediction by determining the concentrations 


necessary to produce a dyeing having the same 
tristimulus values in a particular illuminant as 
the pattern to be matched. This approach requires 
some further manipulation of Eqn. 9, which may be 
re-written— 


1 


R, = . (10) 
The defining equations for the tristimulus values 
have been quoted in an earlier section and may be 
repeated here with the theoretical value of R,, as 
given by Eqn. 10, inserted. 


| + 
(Ris + 
| 


All the factors on the right-hand sides of Eqn. 11, 
except the concentrations, are known for a parti- 
cular three-dye combination. Consequently, if 
the measured values of X, Y, and Z for the pattern 
to be matched are inserted on the left-hand sides, 
it is possible in principle to solve the three equations 
for the three unknown concentrations. However, 
in practice this can be done only by a method 
of successive approximations, and the labour 
involved by conventional computational techniques 
is prohibitively large. For this reason no attempt 
was made, so far as is known, to use this method 
until high-speed digital computers became 
available. 

Given such a computer, however, Eqn. 11 may 
be rapidly solved to give the dye concentrations for 
a first trial dyeing. At the same time the com- 
puter can also calculate from the same data partial 
differentials of the form (dc,/dX), (dc,/d ¥), (de,/9Z), 
and similarly for c, and c,. These coefficients are 
mathematical expressions of the way in which the 
concentrations of the various dyes change with the 
position in X, Y, Z space of the point representing 
the calculated colour match. Over small volumes 
of colour space these coefficients wil] be essentially 
constant. Thus, if the trial dyeing from the first 
computed colour match proves on subsequent 
colour measurement to be in error from the 
required colour by increments AX, AY, and AZ, it is 
possible to compute the corrections (Ac,, Ac,, Ac,) 
which must be made to the recipe, with nothing 
more complicated than a slide rule. It should be 
noted particularly that after the first recipe and 
the nine coefficients have been computed, correc- 
tions can be made without further recourse to the 
computer. 


Correction is made by use of the equations— 


+ 


+ 


(11) 
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Ac, = (2). ax AY 4 ($3) .az .. (12) 


% 
{ 
' 
4 
ae 
- 
By.y,.Ar 
) 
} 
Sigs. ate 
ps 
} 
| 
| 
| 
les 
7 
) 
= 
Ac, = 
i 


Dee. 1961 


ALDERSON ef al.— MODERN PHYSICAL TECHNIQUES IN COLOUR FORMULATION 


665 


Read in X, Y, Z values for pattern to be matched 
(R,), and a, values for substrate and dyes to be used 


NIZ 


| 
| 


NiZ 


Calculate (R,) values from Eqn. 10 


| 


| 


Set arbitrary values of c,, 


| 


| 

| 


Compare measured and calculated X, Y, Z values | 


4 | 


| 
If equal 


If not equal 


Print out ¢,, and 
nine partial differential coefficients 


Calculate Ac,, Ac,, Ac, using 
Eqn. 12 


Calculate new ¢,, ¢,, values 


Fia, 4— Simplified computer flow diagram for match-prediction programme 


These equations are based on analogous assump- 
tions to those given earlier to relate visual and 
instrumental colour difference assessments, and 
their use is restricted to small colour differences 
for which the neglect of higher-order differentials 
than the first is justified. This assumption has been 
justified by practical experience of the method. 
The method of calculating the three concentra- 
tions and nine partial differentials may be 
illustrated by the simplified computer flow diagram 
of Fig. 4. This serves also to emphasise again the 
enormous amount of arithmetic involved in 
carrying out this calculation. It will be seen that 
the partial differentials needed for the instrumental 
correction to the first trial dyeing recipe are also 
used within the computer programme itself in the 


method of successive approximations on which the 
programme operates. 

This method of match prediction may be 
recapitulated by setting down in a step-wise 
manner the sequence of operations. This assumes 
that a complete library of standard data on the 
individual dyes and substrates to be used has been 
obtained in advance; this information needs 
measuring and recording only once. 

1. Measure X, Y, and Z of the pattern to be 
matched on the Colormaster differential 
colorimeter. 

. Feed to the computer these values, together 
with the standard reflectance data for the 
substrate and dyes selected to attempt the 
match. 
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| | 
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. Dye the recipe predicted by the computer. 

. Measure the colour difference between the 
first trial dyeing and the pattern to be 
matched, using the Colormaster. 

. Calculate, by means of the Eqn. 12, the 
corrections to recipe to eliminate the measured 
colour difference. 

. Dye the corrected recipe and again compare it 
with the pattern to be matched, using the 
Colormaster. 

In principle, stages 5 and 6 may be repeated until 
the measured colour differences are acceptably 
small, but practical tests of the method have 
indicated that a single correction to the first 
predicted recipe is adequate in all but a few cases. 


Practical Application of Methods Discussed 
PASS-FAIL ON COLOUR MATCH 

This is the simplest practical application of 
instrumental colorimetry, in the sense that a 
minimum of background work is needed before the 
colorimeter is put into routine service. It is 
necessary only to establish that the instrument 
chosen has sufficient reproducibility of measure- 
ment on the coloured system of interest, and to 
set tolerance limits in terms of instrument readings 
by correlation with the visual assessment method 
previously employed. This can normally be done 
in the course of routine production by operating 
both instrum ental and visual assessment side by 
side for a period, unti] the applicability of the 
instrument for this purpose is established. 

The work reported earlier in this paper on the 
translation from instrument readings to colourist’s 
terminology may be taken as an example of this 
groundwork, although the study there made is 
probably much more detailed than would normally 
be required. On the basis of experience with the 
Colormaster over an extended period, comment 
may be made on the suitability of this instrument 
for this type of application. The work on paint 
films leaves no doubt that the instrumental 
sensitivity is sufficiently high for the most exacting 
tolerance limits which could be set, i.e. consistently 
higher than visual acuity. Consequently, the 
Colormaster may be used for checking colour 
tolerance in paint systems, and in other applications 
where the coloured surface to be measured is of 
sufficient regularity, e.g. smooth coloured plastics. 
Unfortunately, reservations must be made about 
comparable applications of this instrument to 
woven textile materials. It is our experience that 
here the reproducibility of measurement of 
colour difference is considerably lower, so that the 
reproducibility of instrument readings is somewhat 
less than that of skilled visual assessment. This 
appears to be due entirely to the effects of surface 
irregularities, which can cause point-to-point and 
orientation differences in instrument readings on 
textile materials without causing similar dis- 
crepancies in visual assessments. Thus, the Color- 
master is not as useful on such materials when 
tolerances to the limit of visual acuity must be set. 

It is probable that this comparative deficiency 
in the Colormaster is due in part at least to the 
viewing geometry which the instrument employs. 
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This follows the original CIE recommendation of 
collimated 45° incidence and collection of light by 
the photocell] normally to the surface. On a smooth 
surface this arrangement is effective in eliminating 
the specular gloss component and measuring the 
diffusely reflected light from the body colour. On 
an irregular surface, however, more or less specular 
component will be measured according to the 
actual itioning of the sample, and this will 
cause the non-reproducibility which is found. It 
is probable that for this type of surface an instru- 
ment using either collimated normal incidence and 
complete collection of diffusely reflected light, or 
completely diffuse illumination and collection of 
light normally to the surface, would give better 
reproducibility. 


INSTRUMENTAL COLOUR CORRECTION 


A logical extension of the use of a colorimeter 
on a pass—fail basis is to use the readings as the 
basis of 4 method of correction for unsatisfactory 
material. The correction equations given in the 
previous section (Eqn. 12) are the type to be used 
for this purpose. They include coefficients in the 
form of partial differentials calculated by a com- 
puter in the course of match prediction, but these 
coefficients can be obtained in other ways which 
become practicable if only a limited number of 
standard shades has to be considered. It is then 
necessary to make known variations to the recipe 
about the standard and to correlate the colour 
differences so produced with the variations made. 
This may be done statistically in exactly the same 
way as the correlation between instrument readings 
and colourist’s assessments was established, and 
the best value of the nine coefficients will be 
obtained. The numerical equations which result can 
then be used to correct to standard quality in 
subsequent bulk production. It is apparent that 
the same limitations on instrument reproducibility 
apply in this application as have already been 
discussed for the simpler pass~fail application. 


MATCH PREDICTION 


The applicability of the method of match 
prediction by means of a digital computer has been 
investigated for a number of dyeing systems, the 
most thorough study having been made of level- 
dyeing acid dyes on wool flannel. For this system 
the reflectance—concentration relationship of Eqn. 
9 was used, but the accuracy of first matching was 
improved by replacing the CIE response functions 
%,, 9, 2, of Eqn. 11 by functions determined 
experimentally for the lamp-filter—photocell com- 
binations of the particular Colormaster instrument 
used. With this modification the procedure adopted 
was exactly as outlined in the previous section, 
integration at 32 ordinates being used to evaluate 
Eqn. 11. 

Typical] results obtained are illustrated in Table 
III. For purposes of illustration examples have 
been chosen in which the same dyes were used to 
attempt the match as had been used in dyeing the 
pattern to be matched, since it is then possible to 
compare the predicted recipes with the correct 
ones, as well as to compare the colour differences 
produced. Five of the twelve first-dyeing recipes 
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Taste III 
Match Prediction— Level-dyeing Acid Dyes on Wool Flannel 


Pattern to be matched 
Percentage dye 

Dyel Dye 2 

0-050 0-700 

0-100 


0-200 
0-250 0-250 
0-900 0-800 
0-800 0-030 0-818 0-036 
0-300 0-200 0-301 0-190 
0 . 0-327 (— 0-005) 
0-200 0-668 0162 
0-030 0-045 0-007 
0-300 0-300 0-286 
0-200 0-001 0-210 
0-200 0-234 «0-219 


Percentage dye 
Dye l Dye2 
0-053 0-702 
O-112 0-217 
0-246 
0-881 0-795 


0-046 
0-132 
0-033 
0-407 
0-059 
0-223 
0-301 
0-745 
0-701 
0-394 
0-211 


0-200 0-227 


Mean colour difference = 1-5 N.B.S. units 


Dye 2 Azo Geranine 2GS 


Dye Lissamine Yellow 2GS 


gave results which differed from the pattern to be 
matched by not more than 1 N.B.S. unit, and in 
these cases the correction formula was not applied. 
In the other seven cases the corrections to the first 
recipe were applied and in every instance this 
reduced the difference in colour from the pattern 
to be matched. The mean value of the overall 
colour differences between the first predicted 
recipes and the pattern to be matched is 1-5 N.B.S. 
units, and the corresponding mean figure for the 
corrected recipes is 0-7 N.B.S. units. The latter 
value is of the same order of reproducibility as 
measurement on textile materials, because of the 
surface limitations discussed previously, so that no 
significant improvement is to be obtained by 
further applications of the correction equations. 


Provided that metameric differences are not so 
large as to cause significant variation in visual 
assessment, different dyes may be used to attempt 
the match from those used on the original pattern 
to be matched, and the method will still produce 
first and corrected recipes to this level of accuracy. 
Further work in the systems listed below shows a 
similar measure of agreement— 


reactive dyes on cotton 

pigments on paper laminates 

pigments on viscose rayon 

chrome dyes on wool. 
In this part of the work it was found that a better 
representation of reflectance data was obtained by 
substituting for Eqn. 9 the more complex relation— 


F(R,) = (1— Ry)?/(Ry— Ry) (1+kRy) 
= F(Ry)y + + + 


This form of F(R,) is suggested by Fink—Jensen 
from a study of the work of Saunderson *. The 
constants R, and k take account of surface reflec- 
tions, and are to be determined as best values for 
the particular fibre system under investigation. The 
use of this equation further complicates the form of 
Egn. 11, but the additional arithmetic required for 
their solution is acceptable when a digital computer 
is being used. By means of Eqn. 13, first-matching 
recipes could again be predicted to about the 
accuracy indicated in Table II, for each of the 


(18) 


First predicted recipe 
Difference in 
Dye 3 N.B.S. units 


Corrected recipe 
Percentage dye 
Dye 2 
0-052 0-681 
0-100 0-195 
Correction not applied 
Correction not applied 
0-789 0-028 
Correction not applied 
0-308 - 
0-700 0-206 
0-052 0-039 
Correction not applied 
1) Correction not applied 
2-0 0-191 0-197 0-190 0-4 
Mean colour difference = 0-7 N.B.S. units 


Dye 3 Solway Blue BNS 


Difference in 
Dye 3 N.B.S. units 
0-040 
0-121 0-5 


Dye | 


0-052 


0-289 
0-822 
0-690 


systems listed above, and again the first corrected 
recipe gave, in most instances, residual colour 
differences of the order of reproducibility of 
instrumental measurement on textile materials. 


This experimental work indicates that a method 
of match prediction based on instrumental measure- 
ments can be used to predict accurate dyeing 
recipes to match unknown patterns, provided that 

(a) the necessary computational facilities are 
available, and 
(6) the necessary background data on dyes 


and substrates can be acquired. 


These provisos emphasise the important point 
that for the solution of complex colour problems 
of this kind, the purchase of a colorimeter is only 
a first step, and that additional equipment and 
much experimental work are needed before a 
routine method of match prediction can be put 
into operation. 


Future Prospects 

Few of the methods described in'this paper are 
at present used in practice. Indeed, they are 
not all applicable to the full range of problems 
encountered in a dyehouse. Colour matchings some- 
times have to be obtained for patterns of a size 
which is inadequate for colour measurement. Snap 
judgments based on the colour of partially dyed, 
wet material cannot be made by colorimeter with 
the same facility as by a human operator. Selection 
of dyes, being a complex exercise with technical 
and e@onomic factors, is at present beyond the 
scope of the methods discussed here. No doubt the 
reader can augment this list of existing short- 
comings of the instrumental method. Many of 
these will, however, be overcome by more elaborate 
computer techniques and more flexible measuring 
instruments. 


The most significant advance that has been 
reported is the use of high-speed electronic com- 
puters for colour matching, and it is unfortunate 
that this method is one likely to arouse the most 
scepticism on the part of the practical dyer. Once a 
computer programme has been written, however, 
this method is extremely simple to use and has 
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much to offer in speed and economy. A computer 
of the type used in the present investigations may 
cost about £100,000 and could clearly not be 
justified for colour matching alone. It is possible, 
however, to hire time on such computers at an 
hourly rate of about £30, so that, assuming a 
running time of 30 seconds per problem, including 
print out, matchings may be obtained for 5s. Od. 
each. It is not unreasonable to imagine a system 
in which the programme and data tapes of the 
various ranges of dyes are kept at the computer 
centre. Values of the colour co-ordinates to be 
matched and the serial numbers of the dyes to be 
used would be determined in a laboratory and 
transmitted by telephone, or preferably tele- 
age (thus producing a tape capable of being 
ed into the computer). On completion of the 
calculation the output tape from the computer 
would be transmitted back to the laboratory, thus 
saving time on the output printer of the computer. 

It is also clear that more complicated calculations 
are possible. For example, if data on the cost/lb 
of the various dyes are used, the economics of 
matching with different combinations of dyes can 
be studied. 

Development along these lines will certainly 
proceed and need not, as colorimeters become more 
readily and cheaply available, be restricted to the 
larger dyeing firms. It must be stressed in con- 
clusion, however, that no existing physical instru- 
ments are capable of exercising intelligent judgment 
and that the operation of instrumental colour 


control will for many years be no more reliable 
than its operator. 


ImpeRiAL CaemicaL Inpustries Lrp 
Dyesturrs Division 

Hexacon House 

BLACKLEY 

MANCHESTER 9 


(MS. received 20th June 1961) 
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Discussion 


Professor R. H. Perers: Are any difficulties 
encountered in the choice of the primary colours? 
If the colour to be matched lies outside the colour 
sere of the primaries, new ones must be chosen. 

s this lead to any difficulties as far as 
metamerism is concerned? In other words, are 
there any limits on the choice? 

Dr. ATHERTON: In cases where a problem is set 
up involving a colour outside the gamut of the dyes 
selected, the computer attempts to use a negative 
dye concentration. This is detected immediately 
and if it occurs on more than one iteration the 
calculation is summarily terminated and the 
inadequacy of the dyes is printed out by computer. 

There are no limitations on the choice of dyes, 
subject to the above considerations, although 
certain combinations will give more freedom from 
metamerism than others in any particular gase. 

Professor Prerers: Which reflectance function 
do the authors consider the most suitable for this 
kind of work? 

Mr. Derpysnire: The reflectance function 
given as Eqn. 13 of the paper is now used in all 
development work on the computer technique. 
Because of the two disposable constants that the 
function contains, it can be used for all dye and 
fibre systems so far investigated, with a suitable 
choice of constants for each system to give the best 
representation of reflectance data. Consequently, 
a single general computer programme may be used 
for any dyeing system, with the appropriate values 
of the constants fed in on a parameter tape. 


Mr. W. Beau: Does the nature of the substrate 
of the pattern affect the accuracy of the system, in 
particular if this is very different from the substrate 
to be dyed, e.g. a pattern on glossy paper to be 
matched on wool? 

Mr. DerpysHirE: The accuracy to which a 
match can be obtained by the instrumental tech- 
nique is reduced if substrates of very different 
surface reflectance properties are used for the 
pattern to be matched and for the attempted 
matchings. In these circumstances a dyeing which 
gives identical instrumental readings to those from 
the pattern to be matched will not in general give 
the best visual match, so that a final adjustment 
to shade based on visual assessment will be more 
rewarding than repeated application of the instru- 
mental correction equations. Even in these 
unfavourable conditions, however, the application 
of the computer technique for the first trial recipe 
is worthwhile, as this will give a closer approxi- 
mation than would be obtained by traditional 
methods on the basis of a single dyeing. 

Mr. I. Gamtey: Several times in the paper the 
relationships governing small changes in colour 
about standard colours are stated to be linear. 
What are the dimensions in colour space expressed 
in N.B.S. units about a standard colour over which 
these linear relationships hold? 

Dr. ATHERTON: It is difficult to give an exact 
answer to this question, since the limits of linearity 
will vary with position in the colour solid. In our 
experience the functions used are substantially 
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LYOCOL 


GOOD RUBBING HIGH PILE 


For dyeing Unions under acid conditions, 
thus protecting the wool fibre. 


Improved finish of pile fabrics. 


Prevents direct colour staining the wool, 
hence cleaner dyeings and better rubbing 
fastness. 


Brighter shades for ‘two-tone’ effects. 


SANDOZ PRODUCTS LTD CALVERLEY LANE HORSFORTH LEEDS 
Telephone Horsforth 4646 
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tried and tested 
over 20 years 


solvent emulsion 
cleaners, 
agricultural and 
insecticidal sprays, 
cutting oils, 

textile emulsions 
based on vegetable 
and mineral oils, 
casein emulsions, 
brine emulsions, 
oil emulsions for 
rubber latex, 
crude oil and diesel 
oil emulsions 


in processing of 
textile fibres (helpful 


in wool scouring) 


for many wax 
and solvent 
emulsions 


Please write for 
Product Information 
Brochure to 

Croda Ltd, Cowick 
Hall, Snaith, 

nr. Goole, Yorks. 
(Snaith 277) 
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with outstanding fastness to light, 


heat and wet treatments, 


and excellent build-up properties. 
Dispersol Fast Rubine BT is particularly 


recommended as a loose stock 
and slubbing dye but can be 
applied to polyester fibre in all forms, 


including unions. 


Full information on request 


IMPERIAL CHEMICAL INDUSTRIES LIMITED LONDON SWI ENGLAND 
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THE ANDREW 
AUTO-SETTER 


High pressure models for 
setting garments or fabric 
made from synthetic yarns and 
steam relaxation of high bulk 
acrylic yarns. Three standard 
models available with capacities 
of 30, 60 or vu cu. ft. 


THE GIRLAND 
PLASTICISER 


With the most accurate 
temperature control system 
available and improved 
electrical control panel 


Have you enquired about 
ANDROSOL — the new 
Board Cleaning Agent? 


THE ANDREW ENGINEERING & DEVELOPMENT COMPANY, 


and Finishing Machinery 
TINGHAM, ENGLA 
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Products of 
quality for 
polyester fibres 


®Cibacet Micro 
Disperse Dyes 
®Uvitex ERN conc. 


CIBA 


Cibacet Micro Disperse Dyes 
The quality of the disperse dye 
used in the dyeing and printing 
of polyester fibres is of 
paramount importance. The 
Cibacet Micro Disperse dyes 
are in a very fine and uniform 
state of division and meet the 
most stringent requirements: 
they yield fast and level 
dyeings and prints which are 
completely free from 
speckiness. 


® Registered trade-mark 


Uvitex ERN conc. 

is a fluorescent brightener 
which exhibits excellent 
fastness to light and washing 
at the boil on polyester fibres. 
It can be applied either batch- 
wise or by a CIBA pad-bake 
technique, for which patent 
protection has been applied. 


CIBA Limited Basle 
Switzerland 

CIBA CLAYTON Limited 
Manchester 

Sole Concessionaire in the 
United Kingdom 
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DAMPING 
MACHINE 4 


The cloth is conditioned 
while travelling vertically 
to eliminate streaks 
or drops; both sides 
are conditioned 
simultaneously 
or, if required, one 
side only. 
Indispensable 
for cotton, rayon, 
linen flax and other 
woven fabrics. Electronic Control 
can be applied to give pre-set amount 
of moisture. 


Write for further information 
quoting ref: JD/65 


HUNT & MOSCROP LTD 


P.O. Box No. 8, Middleton Manchester 
Telephone: Middleton 2476 7-8 
London Office: 154/7 Temple Chambers, Temple Avenue, E.C.4, 
Tel: Ludgate Circus 7796 
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PHOTO-FANTASY 1. LIGHT. 


For fast-to-light shades on 
BENZANIL SUPRA DYES 


The Yorkshire Dyeware & 


xv 
i 
; 
: 
fi 
, 
Wh 
| 
3 
ry 


Shades 


®Reactone dyes 
on viscose lining materials 
by a special 
Geigy exhaustion technique 
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reactive acrylic 
emulsion for 


the textile 
industry 


VINACRYL N4300 is a newly developed 

acrylic copolymer emulsion. It cross-links with 
thermosetting resins to give soft and flexible finishes of 
excellent wash and dry-clean solvent resistance but it 
can also be used unmodified or thickened with ammonia. 
VINACRYL N4300 has proved suitable for: 


* Binding Non-Woven Fabrics 

* Bonding Polyurethane Foams to Fabrics 
* Softening Crease-Resistant Finishes 

* General Textile Finishing and Coating 


VINYL PRODUCTS LTD - CARSHALTON, SURREY - Wallington 9282 


A member of the Reichhold Chemicals Lid. Group 
VP90 
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Chemstrand announce the introduction of 
Acrilan 16, specially developed at their 
plant in Northern Ireland. Acrilan 16 gives 
you three great advantages: 
e Alone. Because it gives a purer and more 
stable white. 
e Alone. Because it can be dyed into even 
clearer and brighter pastel shades. 
e@ Blended—with regular Acrilan. Because 
its different dyeing characteristics offer the 
tremendous scope of cross-dyeing 100% 
Acrilan, whether woven or knitted, into a 
limitless range of two colour designs. 
Acrilan 16 is available in Staple, or Turbo 
and Pacific Converter Tow form in a full 
range of deniers. 


To find out more about Acrilan 16, write or 
telephone: Chemstrand Limited Area Sales 
Offices: MANCHESTER: 5th Floor, Longridge 
House, Corporation Street, Manchester, 4. 
Deansgate 2037. BRADFORD: Ist Floor, go, 
Thornton Road, Bradford. Bradford 28314. 
LEICESTER: de Montfort House, Belgrave 
Gate, Leicester. Leicester 22018. GLASGOW: 
38, Bath Street, Glasgow, C.2. Douglas 5252. 
HEAD OFFICE: 8, Waterloo Place, London, 
S.W.1. Trafalgar 1431. Acrilan is a regd. trademark. 


ACRILAN 
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STIR INTO THE THICKENING 
AND PRIN 


STRONG BRIGHT COLOURS - ECONOMICAL /N USE 


Our Technicians will be pleased 
to discuss them with you 


ALLIANCE DYE & CHEMICAL CO. LTD. 


GRECIAN MILL - LEVER STREET BOLTON Lancashire reiephone 21971-2 
Sole U.K. Agents for C.F.M.C.— FRANCOLOR — PARIS 
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for outstanding light fastness 
and heat stability in ‘whites’ 
on triacetate and nylon 


The Geigy Company Limited 
Rhodes Middleton Manchester 
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Drums of Beetle Textile Resin 

— destination Manchester - being 
loaded at the Oldbury Works 

of B.1.P. Chemicals Ltd. 


This Midlands scene may appear out of 
context in a journal devoted to textile manufacture 
and processing. Yet, just as the great Textile 
Houses tend to be centred around Manchester, 

so the great resin manufacturers tend to be located 
in the Midlands. This does not mean that they are 
remote organisations and B.I.P. Chemicals Ltd., 
with long-established offices in Manchester, has the 
closest personal ties with the textile industry. 


7 This enables it to offer exceptional service both in 
the technical sense and in regard to the quality 
i: and availability of Beetle Textile Resins. 
BEETWE 


the secret of a perfect finish 8.1.P. CHEMICALS LIMITED 


79 Mosley Street Manchester 2 
Telephone Central 9014 Telex 66-403 
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IME Y rot-proof 


On test, under all conditions, MYSTOX formulations by Catomance stand out as by 
far the most practical and versatile rot-proofing agents. 

And the specification MYSTOX assures you of much more than effective proofing 
alone. In addition, you benefit from the specialised Catomance service, the technical 
representative team whose job it is to give you necessary advice on individual products, 
the Catomance Laboratories that will provide the answer to special formulation 
problems as well as pass on to you the benefits of routine analysis and biological 
testing. Give your products the protection they deserve—-MYSTOX by Catomance. 


MYSTOX 
ee Pentachloropheny/ Laurate rot-proof for textiles, packaging materials, canvas and cordage, PVC and 
be rubber, electrical insulants, paper, timber @ protection against all rotting organisms . . . bacteria, 


fungi, insects @ non-toxic, non-corrosive ™ no objectional colour or odour. 


MYSTOX by CATOMANCE helps proof a good product better 


CATOMANCE LTD 


94 BRIDGE ROAD EAST + WELWYN GARDEN CITY + HERTS + TEL: WELWYN GARDEN 24373 
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—intermediates in pigment and dyestuff production—can Available in bulk: 

be coupled with appropriate diazonium compounds to Acetoacetanilide 

obtain ranges of colours that are stable to light, heat, Acetoacet-o-chloranilide 

alkalis and atmospheric sulphur. Acetoacet-o-anisidide 
Acetoacet-o-toluidide 
Acetoacet-m-4-xylidide 


Available in development Qualities: 
Acetoacet-p-chloranilide 
Acetoacet-benzylamide 


ander Acetoacet p-anisidide 


For technical and commercial information, please write for BISOL Technigram. 


THE DISTILLERS COMPANY LIMITED - CHEMICAL DIVISION BISOL Sales Office: Devonshire House, 
Piccadilly London, W.1. Telephone: MAY fair 8867. Telegrams and Cables: CHEMIDIV London Telex. 
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Any length up to 16 ft. and 10 in. diameter 
Either ball or plain bearings 
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SPECIALISTS IN 
THE DESIGN AND 
MANUFACTURE OF 


SELF LUBRICATING 
Patented 

EXPANDER 

BOBBINS 


PATENTED 
SEALED END CAPS 
PREVENT INGRESS 


UlQUORS AND FUMES 
SPECIAL FEATURES 


Fit Smith expanders and expand your business 


F SMITH & CO (WHITWORTH) LTD 


WHIT WORTH ROCHDALE 


LANCASHIRE 


Telephone Whitworth 2233 
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Special oil seal 
l fitting in expander sleeve 
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organic dyestuffs for all applications 


Novamine 


Novamine Fast 

Diachrome Intermediates products for dyes 

Diachromate 

Stenolane Chemicals for industry 


for fast dyeing of wool 


30 


RS 


ACNA Aziende Colori Nazionali Affini largo Donegan: 1-2, Milan (Italy) 


Sole Agents for U. K. Joseph Weil & Son, Lid. Friars House 39-41, New Broad Street London, E. C. 2 
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textile 
industry 


for resin application. ; 
SA AMINE Oc ta polyamide 


YOFIX PRL 
UREOL AC PASTE: Modified Urea 


in the production of “Drip Dry" 
“Crease Resist” “Anti-Shrin 


_ Mechanical Effects. pecial catalysts 


ateliable for use with the resin range 


Handle Finishes 

Non-curable resins VIBATEX 
CONC. 150°,,, VIBATEX S and 
DICRYLAN WG: applicable to n 


Dye Fixation 
Fixation of substan 


Vat Dyeing 
ALBATEX PON CONC. and 
STABILISER VP CIBA, the la 


Detergents or 


Wetting Agents 


-Non-ionic agents for use in preparatory 


band processes 


oii Print Adhesives 
FIXER 611 CONC. CIBA and 
PF: for wash fast effects. 


Water Repellent 
PHOBOTEX’ FT giving excellent wash 
fast finishes for dress goods and 3 
outerwear fabrics. MIGASOL PJ — Stable 


for water finishes. 


and nylon fibres, and UVITEX ce 


CONC. for polyester fibres, with 


CIBA AY TON: LIMITED 
Clayton Manchester 11. 


Sole Concessionaire in the U.K. 


for CIBA Ltd Basle Switzerland 


for all fibres, include the following | 
| 
resin-finished cellulosics and for nylon. 
ew, LYoFIx SB CONC. and 
A 
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(tstanding 


NONIDET P42 


NONIDET P42 is a neutral nonionic detergent and gives 
outstanding scouring results with consistently low grease 
residuals. Neutral scouring leads to less physical and 
chemical damage to the fibre than results from an 

alkaline scour. The scoured wool is stronger, of a better 
colour and gives higher card and comb yields. 

NONIDET Pi2 may be used with oxITEx water soluble lubricants 
to give a completely neutral processing sequence. 

Write today for further details to your nearest 


Regional Office. 
SHELL CHEMICAL COMPANY LIMITED 


Regional Offices 


LONDON | Villiers House, 41-47 Strand, London, WC 2 Telephone Trafalgar 1277 
BIRMINGHAM | Gloucester House, 65 Smallbrook, Ringway, Birmingham 5 Telephone Midland 8811 
MANCHESTER | Michael House, Longridge Place, Manchester 4 Telephone Deansgate 2411 
GLASGOW Royal London House, 48-54 West Nile Street, Glasgow C1 Telephone City 3391 
BELFAST 16-20 Rosemary Street, Belfast, Northern Ireland Telephone Belfast 26094 
DUBLIN 33-34 Westmoreland Street, Dublin, Republic of Ireland Telephone Dublin 72114 


TP/3 ‘SHELL’ and ‘NONIDET" are trade marks 
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Textile Assistants 


introducing 


Cationic Softener 
SCS 


%* A light cream cationic paste soluble in water 


+% Lubricates and softens cotton, rayon, nylon, and 
other fabrics 


% An aid in association with the various plastic 
treatments of textiles 


HORSFIELD BROTHERS LTD 
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STANDARD CHEMICAL COMPANY 
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Excellent basis for heavy brown shades on 
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ELITE FAST RED BROWN V CONC 


Excellent wet fastness 


-LBHOLLIDAY & CO LTD HUDDERSFIELD 
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Suitable for bordeaux shades on silk and nylon 


re new group of 
for dyeing and 


For information ond further details please apply to INDUSTRIAL DYESTUFFS LTD Bonding House 26 Blackfriars Street Manchester 3 
24 Sandyford Place Glasgow C3 * Cater (House) Buildings |! Cater Street Bradford | 
Finsbury Pavement House 120 Moorgate London EC2 * 313 Belmont Road Belfast 4 Northern Ireland 
Canadian Distributors VERONA DYESTUFFS LTD 2150 Ward Street Montreal 9 - 113 Sterling Road Toronto 3 
Distributors in Eire JOHN McWADE & CO LTD |! Nassau Street Dublin 
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Variogen 


Variogen Base II and Variogen Salt Il are additional chemically 


new diazo components for producing ® Naphtol AS dyeings and 
prints suitable for metallization. 

Whilst Variogen Base | yields dark green and grey shades, 

Variogen Base Il and Variogen Salt Il yield excellent dark brown shades. 
Combinations of these products have very good wet fastness, 
excellent light fastness, 

and meet the highest demands with regard to their dischargeability. 


FARBwWERKE HOECHST AG. Lucius ¢ Baining FRANKFURT (M)-HOECHST - GERMANY 


Distributors for Dyestoffs and Auxiliaries: INOUSTRIAL DYESTUFFS LIMITED 

Bonding House, 26, Blackfriars Street, Manchester, 3 - Cater Buildings, 1, Cater Street, Bradford, 1, Yorkshire 
Finsbury Pavement House, 120, Moorgate, London, E. C. 2 . 24, Sandyford Place, Glasgow, C. 3. Scoti 

313, Belmont Road, Belfast, 4 

Distributors in Eire for Dyestuffs and Auxiliaries: JOHN McWADE & Co., Ltd. ", Nassau Street, Dublin 


Further 
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upon 

request from: 
Messrs. 
INDUSTRIAL 
DYESTUFFS 
LTD., 
Manchester. 
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linear up to 7 N.B.S. units from the reference 
colour. 

Dr. J. K. Sxetty: Is a trichromatic filter 
instrument of the Colormaster type sufficiently 
accurate for colour matching over the whole gamut 
of colour, and is the accuracy not better in some 
regions of the colour solid than in others? 

Dr. AtHERTON: The colorimetric accuracy of 
any trifilter colorimeter is variable over the colour 
ranges encountered in practice, but this is not of 
great significance in colour matching with an 
instrument of the high precision of the Colormaster. 
In the blue and violet region, where the eye is most 
sensitive to chromaticity change, the instrument 
has, in our experience, adequate sensitivity for the 
purposes described. 

Mr. T. Green: The authors refer (on p. 666) to 
the determination of the CIE response functions 
for the lamp-filter—photocell combination of the 
particular Colormaster instrument used in this 
work. What method was used for this determina- 
tion? 

Mr. DeRBysHIRE: The colour temperature of 
the lamp used in the Colormaster was measured, 
and the energy output as a function of wavelength 
calculated assuming black-body radiation at this 
temperature. The filter transmissions asa function 
of wavelength were measured on both the G.E. 
Hardy Spectrophotometer and the Cary Recording 
Spectrophotometer. The relative outputs of the 


photocells were measured at 20 my intervals at the 
National Physical Laboratory. 


Mr. T. FranaGan*: I can visualise this system 
working for weak depths where the degree of dye- 
bath exhaustion is very high. However, fastness 
properties very often dictate the dyes to be used 
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and the components of a mixture dyeing may not 
have the same exhaustion rates. In such cases 
equilibrium conditions for each component will 
differ. Would this have an effect on the accuracy 
of match prediction and correction?! 

Mr. ALpERSoN*: The dyebath exhaustion need 
not necessarily be high for accurate predictions of 
the matching recipe; it is only when there is a 
marked falling off in percentage exhaustion at high 
concentrations that the prediction of dye con- 
centration loses accuracy. These cases seldom 
seem to arise in practice, but when they do, the 
correction procedure can still be applied and will 
lead to a marked improvement in the colour match 
obtained. 

Dr. G. H. Lister*: The statistical determina- 
tion of a dyeing recipe assumes either that 100%, 
exhaustion of dye has been obtained for the 
standard pattern or that in the reproduction 
dyeing the identical percentage exhaustion of the 
dyebath will be obtained as that previously 
obtained in preparing the standard. Complete 
exhaustion of a dyebath means the use of dyeing 
and levelling conditions that are far from ideal. 
Alternatively, in order to reach an equilibrium 
exhaustion that is identical for standard and 
assessed recipe, exact control of various factors 
contributing to the equilibrium are required. Does 
not this represent a fundamental weakness in the 
instrumental determination of dyeing recipes? 

Dr. ATHERTON*: The factors mentioned by Dr. 
Lister, when they occur, will reduce the accuracy 
of the first predicted recipe, but subsequent cor- 
rection using the derivatives printed out with the 
recipe will produce a good match in all but the most 
incompatible dye mixtures. Even in these cases, 
further correction will produce an accurate match. 
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Control and Specification of Fluorescent Whites and Colours 
J. M. Apams 


Colorimeters of different manufacture will not, in general, give measurements agreeing with one 
another even though they are designed to conform to CIE specifications, and the reasons for this are 
summarised, The conditions that must be fulfilled by a colorimeter to be used for the measurement of 
fluorescent colours are given, and light sources that have been proposed for the colorimetry and visual 
assessment of fluorescent materials are reviewed and compared. Some of the methods of assessment that 
have been proposed are applicable only to fluorescently brightened near-whites. 


Introduction 

The deliberate use of fluorescent materials as 
colorants has for some years been accepted in the 
textile, paper, and printing ink industries, and 
much has been published on methods of assessing 
the contribution of the fluorescence to a colour and 
on the specification of fluorescent colours. 

The aim of this paper is to summarise and com- 
pare these methods. Some general requirements of 
colour-measuring instruments are discussed, with 
particular reference to differences between instru- 
ments which, at present, make colour measurement 
an inadequate specification of a colour for general 
use. The main part of the paper is taken up with a 
review of light sources, both for instruments and for 
visual control, and spectral-energy curves are given 
for those which have been proposed for use with 
fluorescent colours. The provision of a light source 
which matches daylight throughout the visible and 
near ultraviolet regions of the spectrum seems to 
be the main problem in the control of fluorescent 
colours at present. 

Most of the fluorescent colours used in practice 
are near-whites, in which the fluorescent dye 
absorbs only in the ultraviolet region and emits in 
the violet and blue regions. These lend themselves 
to specialised control techniques using fluori- 
meters, and there are ingenious methods of 
combining the ultraviolet-excited fluorescence 
with a colour measurement that does not include 
the fluorescent component. 


Colour Measurements 

Complete dependence on measurements of colour 
for control and specification is not yet practicable, 
owing to limitations imposed by the quality of the 
instruments available, which limits the accuracy 
with which standard conditions can be met, and 
also by the looseness of some of the standards to 
which the instruments are made. The CIE specifi- 
cations for light-source and receptor characteristics 
are unambiguous’, but it is not easy to reproduce 
them using the lamps, glass or gelatine filters, and 
photocells available to manufacturers of colori- 
meters, and departures from these standards 
will introduce errors in measurement, particularly 
with saturated colours. The other limitation set 
by the quality of the instrument is the precision 
with which the reflectance measurements on which 
the colour co-ordinates are based can be made. 


This limitation is particularly noticeable when 
working with near-white materials, for which 
trichromatic coefficients and luminance factors 
must be known to within 0-0005 and 0-3%, 
respectively, if just perceptibly different colours 
are to be distinguished *. 

The main source of error due to vagueness or 
non-observance of standards is the variation in 
illuminating and viewing conditions between 
instruments. The CIE recommendation is for 
illumination at 45° and viewing normally, or normal 
illumination and 45° viewing, and implies that 
these are equivalent. This is, of course, not so. 
But more important is the lack of any specification 
for the angles subtended by the illuminating ‘and 
viewing apertures, and the use of completely 
different geometries by many instrument manu- 
facturers. One criticism of the CIE conditions is 
the dependence of a colour measurement of a 
material having a textured surface on the orienta- 
tion of the sample, and a variant of normal 
illumination with 45° viewing which avoids this 
criticism employs an annular photocell or mirror 
receiving a hollow cone of light from the sample, as 
shown in Fig. 1. In the paper industry it is usually 
considered desirable to avoid any dependence of a 
measurement on the surface structure of a sample. 


PHOTOCELL 


PHOTOCELL ~ 


Fie. 1— Normal illumination and 45° viewing using an annular 
photocell cr mirror 


A positive reason for the adoption of non-CIE- 
standard illuminating and viewing conditions is 


that the Kubelka-Munk theory of diffuse 
reflection * is sometimes used to predict the colour 
of a material, and this theory assumes diffuse 
illumination of the material. It has been found 
that a colour-measuring instrument in which the 
sample is illuminated diffusely gives results in 
better agreement with the theory‘, as would be 
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expected, and it is likely that future standards for 
diffuse reflectance measurements will specify 
diffuse illumination and normal viewing °. 

The effect of these (and other) differences 
between instruments is to make a colour measure- 
ment dependent on the instrument with which it 
is made®. This is no disadvantage for controls 
within a factory, when one instrument is used 
throughout, but introduces difficulties if several 
mills have to work to the same specification and 
when specifications have to be exchanged between 
manufacturer and customer. 


Natural Lighting Conditions 

The factors discussed above affect specifications 
of non-fluorescent as well as fluorescent colours, 
but the latter give rise to an additional compli- 
cation. Light coming from a fluorescent material 
is a mixture of reflected radiation and radiation 
absorbed and re-emitted at longer wavelengths. 
When, therefore, a fluorescent colour is being 
measured, the incident light at the relevant wave- 
lengths must be in the same proportion to incident 
radiation exciting fluorescence at these wave- 
lengths as in the light under which the material is 
to be used——normally daylight. In practice this 
means that, if a colorimeter is to be suitable for 
measuring fluorescent colours, its light source 
must have the same spectral-energy distribution 
as daylight and must illuminate the sample 
directly, any filters or monochromator being 
between the sample and the photocell. Now, the 
CIE specifications for light sources extend over the 
visible region of the spectrum only, and workers 
making measurements of colours in which the 
fluorescent component is excited by ultraviolet 
radiation have had to make their own decision on 
the best source to use. 

The spectral-energy distribution of daylight has 
been measured by several workers, and we may 
take as typical a result obtained by Herrmann ’ 
for the total radiation (Globalstrahlung) on a fine 
day in Europe (Fig. 2). (Energy scales in this and 
subsequent figures are in arbitrary units.) The 
effect of moving indoors can be simulated by 
multiplying the ordinates of this curve by the 
transmission factors of window glass; the resulting 
curve is shown in Fig. 3. It is obvious that the 
ultraviolet content of the light has been reduced 


2 
4 
0 
300 400 500 600 700 
Wavelength, mu 


Fie. 2— Spectral-energy curve of daylight, according to Herrmann 
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Wavelength, mu 
Fig. 3— Solid curve: Daylight seen through window 


glass, according 
to Herrmann; Dashed curve: Daylight indoors, according to Friele 


appreciably. Also shown in Fig. 3 is a more 
recent measurement of daylight from an overcast 
sky seen through a window *. 

These may be taken as representative of the 
natural conditions under which materials may be 
seen, and much of the work involved in assessing 
fluorescent colours, both visually and by means of 
colorimeters, has been directed towards reproducing 
these conditions artificially. 


Light Sources for Colorimeters 


The most suitable single lamp seems to be the 
high-pressure xenon are, which has the spectral- 
energy curve ® shown in Fig. 4. It is obvious that 
it is necessary to use a filter to reduce the ultra- 
violet content of the are if it is to match daylight. 
The result of a superficial search of transparent 
materials suggested that two lantern-slide cover 
glasses, giving the energy curve shown in Fig. 5, 
constituted a possible choice. However, the 
filtered xenon arc used as a source in the Zeiss 
Elrepho colorimeter ™ has been found by Friele * to 
give the curve reproduced in Fig. 6, and is obviously 
much closer to the desired curve. 

Thus, from a theoretical viewpoint, it would seem 
that the xenon are provides a suitable source for 
the colorimetry of fluorescent materials, although 
in practice it has several shortcomings. It is 
expensive, and like all are lamps it requires chokes 
or resistors to limit the are current, and also a 
high-voltage pulse across the are for starting. The 
most serious objection to its use for colorimetry 
is the difficulty of preventing the are from 
wandering in the space between the electrodes. 
This causes instability in a single-beam colori- 
meter, and, although a lamp will settle down for 
short periods, I have now tried three examples of 
the German Osram (Neron) XBO 301 lamp in a 
Sheen abridged spectrophotometer '° and made a 
few measurements using a Siemens GAE6 lamp, all 
operated on direct current, and have found none 
of them adequately stable. Conversations with 
others who have used this type of lamp indicate 
that this experience is general. It is possible to use 
an optical method to stabilise an image of the are, 
but this would inevitably be fairly complicated. 
It is notable that the only commercially produced 
instrument employing a xenon arc lamp as a light 
source, the Elrepho, has an optical system giving 
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Control and Specification of Fluorescent Whites and Colours 
J. M. ADams 


Colorimeters of different manufacture will not, in general, give measurements agreeing with one 
another even though they are designed to conform to CIE specifications, and the reasons for this are 
summarised. The conditions that must be fulfilled by a colorimeter to be used for the measurement of 
fluorescent colours are given, and light sources that have been proposed for the colorimetry and visual 
assessment of fluorescent materials are reviewed and compared. Some of the methods of assessment that 
have been proposed are applicable only to fluorescently brightened near-whites. 


Introduction 

The deliberate use of fluorescent materials as 
colorants has for some years been accepted in the 
textile, paper, and printing ink industries, and 
much has been published on methods of assessing 
the contribution of the fluorescence to a colour and 
on the specification of fluorescent colours. 

The aim of this paper is to summarise and com- 
pare these methods. Some general requirements of 
colour-measuring instruments are discussed, with 
particular reference to differences between instru- 
ments which, at present, make colour measurement 
an inadequate specification of a colour for general 
use. The main part of the paper is taken up with a 
review of light sources, both for instruments and for 
visual control, and spectral-energy curves are given 
for those which have been proposed for use with 
fluorescent colours. The provision of a light source 
which matches daylight throughout the visible and 
near ultraviolet regions of the spectrum seems to 
be the main problem in the control of fluorescent 
colours at present. 

Most of the fluorescent colours used in practice 
are near-whites, in which the fluorescent dye 
absorbs only in the ultraviolet region and emits in 
the violet and blue regions. These lend themselves 
to specialised control techniques using fluori- 
meters, and there are ingenious methods of 
combining the ultraviolet-excited fluorescence 
with a colour measurement that does not include 
the fluorescent component. 


Colour Measurements 

Complete dependence on measurements of colour 
for control and specification is not yet practicable, 
owing to limitations imposed by the quality of the 
instruments available, which limits the accuracy 
with which standard conditions can be met, and 
also by the looseness of some of the standards to 
which the instruments are made. The CIE specifi- 
cations for light-source and receptor characteristics 
are unambiguous’, but it is not easy to reproduce 
them using the lamps, glass or gelatine filters, and 
photocells available to manufacturers of colori- 
meters, and departures from these standards 
will introduce errors in measurement, particularly 
with saturated colours. The other limitation set 
by the quality of the instrument is the precision 
with which the reflectance measurements on which 


the colour co-ordinates are based can be made. 


This limitation is particularly noticeable when 
working with near-white materials, for which 
trichromatic coefficients and luminance factors 
must be known to within 0-0005 and 0-3%, 
respectively, if just perceptibly different colours 
are to be distinguished ?. 

The main source of error due to vagueness or 
non-observance of standards is the variation in 
illuminating and viewing conditions between 
instruments. The CIE recommendation is for 
illumination at 45° and viewing normally, or normal 
illumination and 45° viewing, and implies that 
these are equivalent. This is, of course, not so. 
But more important is the lack of any specification 
for the angles subtended by the illuminating and 
viewing apertures, and the use of completely 
different geometries by many instrument manu- 
facturers. One criticism of the CIE conditions is 
the dependence of a colour measurement of a 
material having a textured surface on the orienta- 
tion of the sample, and a variant of normal 
illumination with 45° vi. wing which avoids this 
criticism emplovs an annular photocell or mirror 
receiving a hollow cone of light from the sample, as 
shown in Fig. 1. In the paper industry it is usually 
considered desirable to avoid any dependence of a 
measurement on the surface structure of a sample. 


PHOTOCELL 


1— Normal illumination and 45° viewing using an annular 
photocell or mirror 


Fie. 


A positive reason for the adoption of non-CIE- 
standard illuminating and viewing conditions is 


that the Kubelka-Munk theory of diffuse 
reflection * is sometimes used to predict the colour 
of a material, and this theory assumes diffuse 
illumination of the material. It has been found 
that a colour-measuring instrument in which the 
sample is illuminated diffusely gives results in 
better agreement with the theory‘, as would be 
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expected, and it is likely that future standards for 
diffuse reflectance measurements will specify 
diffuse illumination and normal viewing °. 

The effect of these (and other) differences 
between instruments is to make a colour measure- 
ment dependent on the instrument with which it 
is made*. This is no disadvantage for controls 
within a factory, when one instrument is used 
throughout, but introduces difficulties if several 
mills have to work to the same specification and 
when specifications have to be exc ed between 
manufacturer and customer. 


Natural Lighting Conditions 

The factors discussed above affect specifications 
of non-fluorescent as well as fluorescent colours, 
but the latter give rise to an additional compli- 
cation. Light coming from a fluorescent material 
is a mixture of reflected radiation and radiation 
absorbed and re-emitted at longer wavelengths. 
When, therefore, a fluorescent colour is being 
measured, the incident light at the relevant wave- 
lengths must be in the same proportion to incident 
radiation exciting fluorescence at these wave- 
lengths as in the light under which the material is 
to be used— normally daylight. In practice this 
means that, if a colorimeter is to be suitable for 
measuring fluorescent colours, its light source 
must have the same spectral-energy distribution 
as daylight and must illuminate the sample 
directly, any filters or monochromator being 
between the sample and the photocell. Now, the 
CIE specifications for light sources extend over the 
visible region of the spectrum only, and workers 
making measurements of colours in which the 
fluorescent component is excited by ultraviolet 
radiation have had to make their own decision on 
the best source to use. 

The spectral-energy distribution of daylight has 
been measured by: several workers, and we may 
take as typical a result obtained by Herrmann ’ 
for the total radiation (Globalstrahlung) on a fine 
day in Europe (Fig. 2). (Energy scales in this and 
subsequent figures are in arbitrary units.) The 
effect of moving indoors can be simulated by 
multiplying the ordinates of this curve by the 
transmission factors of window glass; the resulting 
curve is shown in Fig. 3. It is obvious that the 
ultraviolet content of the light has been reduced 
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Fig. 2— Spectral-energy curve of daylight, according to Herrmann 
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Fig. 3— Solid curve: Daylight seen through window glass, according 
to Herrmann; Dashed curve: Daylight indoors, according to Friele 
appreciably. Also shown in Fig. 3 is a more 
recent measurement of daylight from an overcast 
sky seen through a window *. 

These may be taken as representative of the 
natural conditions under which materials may be 
seen, and much of the work involved in assessing 
fluorescent colours, both visually and by means of 
colorimeters, has been directed towards reproducing 
these conditions artificially. 


Light Sources for Colorimeters 

The most suitable single lamp seems to be the 
high-pressure xenon arc, which has the spectral- 
energy curve * shown in Fig. 4. It is obvious that 
it is necessary to use a filter to reduce the ultra- 
violet content of the arc if it is to match daylight. 
The result of a superficial search of transparent 
materials suggested that two lantern-slide cover 
glasses, giving the energy curve shown in Fig. 5, 
constituted a possible choice™®. However, the 
filtered xenon arc used as a source in the Zeiss 
Elrepho colorimeter ™ has been found by Friele * to 
give the curve reproduced in Fig. 6, and is obviously 
much closer to the desired curve. 

Thus, from a theoretical viewpoint, it would seem 
that the xenon are provides a suitable source for 
the colorimetry of fluorescent materials, although 
in practice it has several shortcomings. It is 
expensive, and like all are lamps it requires chokes 
or resistors to limit the are current, and also a 
high-voltage pulse across the are for starting. The 
most serious objection to its use for colorimetry 
is the difficulty of preventing the arc from 
wandering in the space between the electrodes. 
This causes instability in a single-beam colori- 
meter, and, although a lamp will settle down for 
short periods, I have now tried three examples of 
the German Osram (Neron) XBO 301 lamp in a 
Sheen abridged spectrophotometer '® and made a 
few measurements using a Siemens GAE6 lamp, all 
operated on direct current, and have found none 
of them adequately stable. Conversations with 
others who have used this type of lamp indicate 
that this experience is general. It is possible to use 
an optical method to stabilise an image of the arc, 
but this would inevitably be fairly complicated. 
It is notable that the only commercially produced 
instrument employing a xenon are lamp as a light 
source, the Elrepho, has an optical system giving 
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Wavelength, mu 
Fie. 4— Spectral-energy curve of xenon arc lamp 
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Fig. 5— Spectral-energy curve of xenon are lamp with glass filter 


Wavelength, mu 
Fie. 6— Spectral-energy curve of source used in Elrepho colorimeter 


simultaneous diffuse illumination of sample and 
reference standard, which are viewed by separate 
photocells. With this arrangement it could be 
expected that any fluctuations in the lamp would 
affect both photocells equally, and the reading 
remain stable. 

A tungsten lamp with a suitable filter gives a 
source close to illuminant C, and it is a logical idea 
to retain this and supplement it by a source 
emitting ultraviolet radiation only. A suitable 
supplementary sovrce is a filament lamp with an 
ultraviolet-transmitting filter’. The sample 
may be illuminated by both lamps simultaneously 
or, as in Harrison’s colorimeter “, the same lamp 


58.D.C, 77 


may provide both sources. In this case reflectance 
readings are taken with the sample illuminated 
by illuminant C (tungsten lamp with “daylight” 
filter) and then the daylight filter is replaced by the 
ultraviolet filter and further readings are taken. 
These are multiplied by an appropriate factor and 
added to the reflectance readings. This system 
results in a colorimeter that is only a little more 
complicated than one with no provision for 
measuring fluorescent colours, but the time 
required for making a measurement is increased. 
The use of different ultraviolet filters and the 
alteration of the colour temperature of the lamp 
can modify the spectral-energy distribution 
considerably, as can be seen from Fig. 7, which 
shows the energy curves of the illuminants used 


by Hisdal and Harrison. 


400 500 
Wavelength, mu 


Fie. 7— Light sources proposed by == (solid) and by Harrison 
dashed curve 


A further possibility is the use of a filtered 
mercury vapour lamp as the supplementary source. 
This effectively adds monochromatic radiation at 


~ 365-5 mp (the line will be broadened and a 


continuum added if the lamp pressure is high) to 
the main source, and there seems little possibility 
of matching daylight with such a combination. 

Another approach to the problem, which makes 
use of a supplementary ultraviolet source, is that of 
Allen *. *, who combines a fluorimeter reading (a 
colour measurement of the fluorescence excited by 
ultraviolet radiation) with a colour measurement 
under illuminant C by calculating the additive 
colour mixture of the two measurements. The 
fluorimeter measurements reported were made 
with a mercury source, but a specification is given 
for an “ideal” source matching the ultraviolet 
content of daylight. If this were fulfilled, the 
conditions would be similar to those sought by 
Hisdal and Harrison. 

Grum and Wightman "’, in their study of papers 
containing fluorescent brightening agents, used a 
single tungsten filament lamp at 3000°K giving the 
spectral-energy curve shown in Fig. 8, apparently 
without filters or additional ultraviolet radiation. 
We must therefore add this to our list of 
illuminants, although it is bound to be deficient 
in ultraviolet compared to daylight. Such a source 
is the obvious choice when colours are measured 


that are to be seen in artificial (tungsten) lighting. 
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Fig. 8— Spectral-energy curve of 3000°K black-body radiator 


The source used in many colorimeters, a tungsten 
lamp with a Chance OBS filter, is far from lacking 
ultraviolet radiation, as shown in Fig. 9, and 
there will be an appreciable contribution to a 
fluorescent colour by the  ultraviolet-excited 
radiation under such a source. 


300 400 
Wavelength, mu 


Fie. 9— Spectral-energy curve of + ~y lamp at 3000°K with 
Chance OBS filter 


Near-white Materials 

We must separate at this point the methods of 
colour measurement which comply with the 
conditions given earlier in this paper and so are 
applicable to all fluorescent colours, from those 
techniques which have been designed specifically 
for the assessment of fluorescently brightened 
near-whites in which all the fluorescence can be 
assumed to be excited by ultraviolet radiation. 
In the former class are a suitably filtered xenon 
are or Hisdal’s or Harrison’s source in a colori- 
meter or spectrophotometer in which the sample 
is illuminated directly by the source, and also 
Allen’s method, provided that the ‘ideal’ 
fluorimeter is used and that the colorimeter or 
spectrophotometer is fitted with illuminant C 
(with no ultraviolet content) illuminating the 
sample directly. 

However, Allen’s paper is mainly concerned 
with measurements of the whitening effect of a 
fluorescent brightening agent, and this is obviously 
applicable to near-whites only. Grum and 
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Wightman’s paper includes a mathematical method 
of separating the component of the colour that 
is due to ultraviolet-excited fluorescence, and this 
also is intended to apply only to near-whites. 

Hunter's reflectometer uses a single tungsten 
lamp as illuminant, and a movable ultraviolet 
filter that can be in either the incident or the 
reflected beam allows the fluorescence excited by 
ultraviolet radiation to be separated from the total 
radiation from the sample. Measurements of 
fluorescent materials with this instrument would 
have to be interpreted with care, as the correction 
of the source from tungsten-filament lighting to 
illuminant C is made by filters between the sample 
and the photocell. This means that colour 
measurements of fluorescent materials and of the 
ultraviolet-excited fluorescence are made under 
somewhat arbitrary conditions. In fact, although 
this instrument fulfils the conditions (adequate for 
non-fluorescent materials) that the product of the 
source, filter, and receptor spectral distributions 
must fulfil CLE specifications, it does not fulfil the 
condition for fluorescent materials that the source 
and filter/photocell spectral distributions must be 
specified separately. 


Comparison of Methods 

There has been little theoretical or experimental 
work comparing the results given by these different 
illuminants. A comparison has been made“ 
between a Harrison colorimeter and the Sheen 
abridged spectrophotometer fitted with the source 
shown in Fig. 5, and this is shown in Fig. 10 and 
11. In both instruments the measurements were 
made with a source somewhat lacking in ultra- 
violet (3000°K lamp with Chance OBS filter in the 
Harrison colorimeter and an unfiltered tungsten 
lamp in the Sheen instrument), and then with the 
respective approximations to daylight. As 
expected, both instruments show the increased 
blueness of the near-white papers and the increased 
luminance and green content of the yellow and, 
also as expected, the change is shown as much 
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Fie. 10— CIE co-ordinates of near-whites under sources deficient in 
ultraviolet (©) and under artificial daylight (x) 
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Fie. 11-— CIE co-ordinates of fluorescent yellow ink under sources 
deficient in ultraviolet (©) and under artificial daylight (x ) 
— by the Sheen instrument than by the 
rrison; the difference in ultraviolet content 
between the two sources is smaller in the latter 
instrument. 

Some of the references listed*;™—"’ include 
correlations of measurements with visual assess- 
ment of near-whites, but more work is required on 
the comparison of different sources and, if possible, 
on filters for xenon arc lamps and supplements for 
tungsten lamps that will make the two sources 
equivalent. 

Friele makes the point*® that some of the 
one-dimensional whiteness scales that have been 
developed '® for non-fluorescent near-whites are 
less valid for fluorescently brightened materials, 
but this is not a direct consequence of the 
fluorescence of the latter. Fluorescent near- 
whites are usually bluer and lighter than it is 
possible to make non-fluorescent materials, and it 
is this increase in available colour gamut, rather 
than the existence of fluorescence, that has led to 
the breakdown of the methods of assessment. 


Visual Colour Control 

It remains true that comparison of a colour with 
a standard is most easily made visually. A colour 
matcher cannot give a numerical measurement of a 
colour, but he can detect quickly and reliably a 
small colour difference and then, from his experi- 
ence, give a reasonably precise forecast of the 
corrections necessary to make a sample match his 
standard. 

The only new factor introduced into his work by 
fluorescent colours is the necessity of controlling 
the ultraviolet content of the light as well as the 
spectral-energy distribution in the visible region. 
“Daylight’’ as a source may now be “daylight 
outdoors” or “daylight behind window glass’’, as 
demonstrated by Fig. 2 and 3. 

Practical artificial light sources for colour 
matching are tungsten filament lamps, fluorescent 
tubes, and xenon arc lamps. The last-named have 
been discussed in connection with their use in 
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colorimeters, and the only additional features of 
interest to a colour matcher are the small size of 
the are and the high internal gas pressure. Their 
housing therefore must give adequate diffusion of 
the light (the diffuser will normally prevent the 
short-wave ultraviolet radiation passed by the 
quartz envelope of the lamp from reaching the 
operator’s eyes) and must protect the operator 
from a possible explosion. 

Tungsten filament lamps, with and without 
daylight filters, have also been discussed in 
connection with colorimeters, but are rarely used 
for colour matching owing to their low efficiency. 

Colour-matching fluorescent tubes are the most 
common sources for general lighting but, as shown 
in Fig. 12, are somewhat deficient in ultraviolet 
radiation compared to daylight, and this will be 
true also of colour-matching units in which light- 
blue fluorescent tubes are combined with tungsten 
lamps to improve the energy distribution in the 
red region of the spectrum. A deliberate attempt 
to provide adequate ultraviolet radiation in a 
colour-matching lamp was made in the design of 
the G.E.C. unit®, which contains fluorescent 
tubes radiating mainly in the ultraviolet region. 
The spectral-energy curve for this unit is shown 
in Fig. 13. 


Wavelength, mu 
Fic. 12— Spectral-energy curve of “colour-matching” fluorescent tube 


ne 


Wavelength, mu 
Fig. 13— Spectral-energy curve of G.E.C. colour-matching unit 


Fluorimeters 
A convenient practical method of measuring the 
effectiveness of a fluorescent material in a colour 
is to illuminate the colour with ultraviolet radiation 
(usually from a mercury lamp) and measure the 
visible light emitted. The layout of a typical 
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fluorimeter for this type of measurement is shown 
in Fig. 14. The mercury vapour lamp is an intense 
source of ultraviolet radiation and excites a con- 
siderable amount of fluorescence, so that such a 
fluorimeter is very sensitive. If additional colour 
filters are placed between the sample and the photo- 
cell, the spectral distribution of the emitted light 
can be estimated™. However, as Allen has 
pointed out '*, readings from a fluorimeter having a 
mercury lamp can only be used directly with 
samples containing the same fluorescent dye, and 
allowance must be made for different absorption 
characteristics if different fluorescent materials 
are to be compared. 


LAMP 


ELL 


FILTER 


U.V-TRANSMITTING 
FILTER 


Fic. 14— Layout of fluorimeter 


It is possible to operate a “visual fluorimeter”’ by 
holding a sample under a mercury vapour lamp 
emitting radiation at 365-5 my and viewing the 
emitted light. This is an obvious test if it is 
desired to see whether or not a sample is 
fluorescent, and it also gives an idea of the colour of 
the fluorescent component; for instance, the green 
colour under mercury light of the yellow sample 
shown in Fig. 11 was very noticeable. 


Summary and Conclusions 

The control of fluorescent colours is generally 
carried out visually or by means of a fluorimeter, 
and such methods are simple and, if used with a 
realisation of their limitations, adequate for 
maintaining the quality of a product. The main 
problem with visual colour control is that the 
colour-rendering of a light source is now a function 
of its near-ultraviolet content as well as of the 
spectral-energy distribution in the visible region. 
It is perhaps disturbing to consider that a match 
between two samples having different degrees of 
fluorescence may be altered by opening the 
window. 

However, the position with regard to measure- 
ments and specifications that may have to be 
quoted to others is far less satisfactory. The 
majority of colour-measuring instruments are 
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basically unsuitable for measurement of fluorescent 
colours owing to the placing of colour filters or a 
monochromator between the light source and the 
sample, and there are no accepted standards for 
important features of those which are designed for 
use with fluorescent materials. Two light sources 
are popular; the xenon arc is at first sight conveni- 
ent but it is expensive and allowance must be made 
for the flicker of the are. The supplemented 
tungsten lamp has the advantage that, as most of 
the ultraviolet component of the source is 
generated separately, its contribution can be varied 
easily, either by altering the relative intensity of 
the light from two lamps (as in Hisdal’s method), 
or by altering the factor by which the supple- 
mentary measurements are multiplied before 
combining them with the reflectance measurements 
(as in Harrison’s colorimeter). 

As stated in the introduction, the aim of this 
paper is to review the methods of assessing 
fluorescent colours. Its main conclusions must be 
that practical comparisons of these methods would 
be useful (particularly of those methods which 
should theoretically give similar results), and that 
standards for conditions of measurement are 
urgently needed. 
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Discussion 


Mr. 8. M. Jancke: I should like to comment 
on another instrument in order to complete the 
picture drawn by Mr. Adams. He mentions the 
Harrison Colorimeter, and the use of its tungsten 
lamp light source with different filters in order to 
measure fluorescence as well as colour. In Fig. 14 


of the paper he sketches the layout of a fluorimeter. 
At HATRA we have had considerable success 


in using another instrument, the Harrison 
Fluorescence Measuring Unit and Colorimeter, 
which combines both functions. The instrument 
is reasonably priced and very versatile. In 
addition to the colorimeter light source mentioned 
by the lecturer, there is a mercury discharge lamp 
giving mainly ultraviolet radiation, so that the 
instrument can readily be used as a fluorimeter. 
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Although the results obtained are not in absolute 
units, very useful numerical comparisons can 
quickly be obtained. The filter system also 
enables the relative amounts of fluorescence in 
several fairly wide spectral bands to be found. 

Mr. Adams refers to Allen’s papers on relative 
effective fluorescence and on the inadvisability of 
comparing different fluorescent brightening agents 
(FBA). Whilst we agree in general, there is one 
very rough diagnostic use of the multi-purpose 
Harrison instrument in which we transgress this 
rule. Occasionally we can tell whether similar 
substrates that have been treated with FBAs differ 
only in concentration of FBA or in type of FBA 
used, by measuring the ratio of blue-green to blue 
fluorescence for each pattern, using Harrison's 
filter dise. If the ratios differ markedly then it is 
almost certain that different FBAs have been used. 
On the other hand, if the ratios are similar, no 
definite conclusion can be drawn. 

Mr. Apams: I have used the Harrison 
Fluorescence Measuring Unit, but I found that 
making supplementary measurements with the 
mercury source was impracticable owing to the 
time required for the lamps to warm up after 
changing from one source to the other. Using the 
relative readings of fluorescence with the different 
filters certainly gives a rough idea of the colour of 
the emitted light, but I have not had sufficient 
experience to distinguish fluorescent brightening 
agents by means of these readings. 

Mr. JagckeL: We find that fairly reliable 
measurements can sometimes be obtained with the 


mercury source after about 5 minutes, but we 
prefer to leave it on for not less than 1 hour to 
stabilise. 

Dr. L. Zakarias: Can Mr. Adams differentiate 
between bluish white and pinkish white effects on 
fabrics by means of present-day instruments, an<d 
can he measure the fluorescent whiteness of the 


fabrics? Some manufacturers warn that use of 
excessive amounts of fluorescent brightening 
agents may lead to the production of pinkish white 
effects. It is well known in the laundry industry 
that fluorescent brightening agents tend to 
emphasise any variations in whiteness, and in 
particular the “yellow centres’ of white pillow- 
cases, which are large fatty stains not removable 
by established washing processes. We have 
deduced from large-scale experiments over the last 
three years that even an inexpensive fluorescent 
brightener will reflect continuously an excellent 
bluish-white colour minimising any uneven white- 
ness of the fabric, whatever the quantity of agent 
used and however often it is applied to the same 
white fabric, provided that the agent has been 
combined with a certain pretreated, water-soluble 
gum. Has Mr. Adams observed and can he 
measure quantitatively the specific protective 
colloid action on fluorescent brighteners? 

Mr. Apams: The only sure way to distinguish 
between fluorescent brightening agents giving 
different colours is to illuminate them with ultra- 
violet radiation and to make spectrophotometric 
measurements of the emitted light. In general 
the pinkish white materials will have emission 
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peaks in the violet region of the spectrum, whereas 
the bluish white will emit mainly in the blue region. 

I have no knowledge of the way in which 
repeated applications of different fluorescent 
brightening agents will affect the colour of a 
material. 

Dr. D. Parrerson: The im nee of the 
ultraviolet (UV) content of the light under which 
fluorescent patterns are viewed has been clearly 
brought out by Mr. Adams, but I should like to 
ask whether what one could call “ultraviolet 
metamerism”™ has been observed. This effect 
would arise if two patterns that were found to 
match under an illuminant that included a certain 
amount of UV radiation were found not to match 
under another illuminant with a different UV 
content. Unless this kind of metamerism has been 
observed, I think that much of the discussion that 
has been going on recently concerning the charac- 
teristics of a new standard colour-matching lamp 
is beside the point. If patterns match under all 
the proposed standards (provided that there is 
some UV content in the illumination), no practical 
difficulties should arise whichever standard is used. 

Mr. Apams: The only time I have observed the 
“ultraviolet metamerism”’ is when taking near- 
whites having different amounts of fluorescence 
from daylight to tungsten filament lighting. I was 
hoping that members at the Symposium would 
have had experience that would enable us to judge 
the magnitude of the problem in practice. 

Mr. JaEcKE.: I should like to make an additional 
comment. I prefer the use of the Harrison 
fluorescence ratios to Mr. Adams’s method of 
looking in a “black box”’ to differentiate between 
fluorescent brightening agents, because the ratio is 
a quantitative measure, so that sometimes it is 
only necessary to examine one pattern to be able 
to say whether the agent supposedly used could be 
the one actually used. 

In reply to Dr. Zakarias, Mr. Adams has sug- 
gested the use of spectophotometric measurements 
to distinguish between different fluorescent bright- 
ening effects. In some instances, at least, we can 
differentiate more simply between “‘red-shade”’ and 
“green-shade’’ FBAs by using the tungsten lamp 
colorimeter light source of our Harrison instrument 
only: the “red-shade’’ whitener often yields a 
more violet or blue point on the chromaticity 
diagram. 

Mr. R. J. Hannay: With regard to the question 
raised by Dr. Patterson, it has been known for a 
long time that the use of fluorescent brightening 
agents on dyed textiles does give rise to alterations 
in the hue of the dyed material when this is viewed 
in lights of different UV content. This is par- 
ticularly so for pale shades, and in the past has 
given rise to complaints about the fastness of the 
dyes used, although the effect is purely a visual one 
and is in no way connected with dye fastness. 

Mr. JancKeEL: I think that two separate issues 
are involved in the comments by Dr. Patterson and 
Mr. Hannay. We at HATRA agree with Mr. 
Hannay that, in general, FBAs should not be used 
on coloured textiles, but only on whites, and even 
then only if the light fastness is sufficiently high. 
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Work at HATRA and elsewhere has shown that 
selected agents on selected fibres, e.g. certain 
specific acrylic-FBA and polyester-FBA com- 
binations, have considerably higher light-fastness 
ratings than the same or other FBAs on other 
textile substrates. If FBAs are used with colours, 
they will certainly make pastel blues appear bluer 
and brighter, but yellows are weakened and pinks 
made to look grey and dirty. 

With regard to Dr. Patterson’s query on the 
effect of variations in ultraviolet content of 
illuminants on the appearance of FBA-treated 
textiles, we can make a qualitative comment of 
some relevance. Usually, when we examine a 
series of FBA-treated textiles under three light 
sources, namely daylight, an ultraviolet lamp in a 
“black box’’, and the fluorescence side of our 
Harrison instrument, we get very similar, if not 
identical, orders of ranking. 

Dr. Parrerson: I should like to draw attention 
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to a paper on the Day-Glo Daylight Fluorescent 
Colour Specification System by R. A. Ward, pub- 
lished by Switzer Bros. Inc., which I think is a 
sound theoretical and practical approach to the 
problem. 

Mr. Apams: I have not seen the paper by Ward, 
but there is a paper on fluorescent high-visibility 
paints for aircraft which refers to this and other 
relevant publications. It is Fluorescent High- 
visibility Paints for Aircraft, by J. 8. Cowling and 
F. M. Noonan, Off. Dig. Fed. Paint Varn. Prod. 
Cl., 31 (415: Part 2) 1-19 (Aug. 1959). 

Dr. A. Wirz*: With regard to Mr. Hannay’s 
remarks,\it may be of interest to note that we have 
found with certain acrylic fibres that it is possible 
to apply Basacryl dyes and selected fluorescent 
brightening agents simultaneously without seriously 
affecting the light fastness of the dyeing. Such 


a combination could be of interest, for example, in 
producing bright pastel colours. 
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Chairman— Mr. W. G. B. Grant 


Pigments, Colour, and Paint 
8. H. Bet 


Colour W awered is provided mainly by insoluble pigments, which affect many other properties. 


Background 


rmation is given about the nature of paint and paint films, and the essential pigment 


characteristics. This is followed by a description of the disposition of pigment particles within paint films 
in relation to coloration. Finally, colour control of pigments and colour matching of paints are discussed, 


General Background 

In paint, coloration is in the main achieved by 
the use of insoluble pigments, and cannot be 
divorced from the effect of those pigments on other 
paint properties. The nature and functions of 
pigments can be considered only in relation to the 
character of paint and the tasks it has to perform. 


THE NATURE OF PAINT 

Paint is, in general, a fluid material easy to 
apply as an even coating to surfaces of wood, 
metal, plaster, etc., where it changes to a solid 
film about one thousandth of an inch thick. Some 
paints are used at considerably greater thicknesses, 
but it is usual to apply a number of coats each 
having its individual part to play in the complete 
system. 

The finished work must be level, uniform in 
colour and texture, have a variety of other optical 
and mechanical characteristics (including the 
essential adhesion to the surface painted), and the 
required stability in the environment to which it is 
exposed. Broadly, the functions are decorative and 
protective. There are coatings in which transparent 
colour is required, but most frequently the need is 
for opaque coloured coatings to impose on surfaces 
a new colour and texture, by layers insufficiently 
thick to alter unduly the contours of those surfaces. 

Some properties of paint are almost wholly 
dependent upon those of the incorporated pigments, 
others less so; yet others may depend pre- 
dominantiy upon the nature of the (usually 
organic) film-forming material or medium. 

Tn general, the essential components of media are 
polymeric, or become so during the conversion from 
fluid to solid film. Those media which are converted 
to an insoluble condition include those which “dry” 
by an oxidation process dependent mainly upon 
unsaturated oily constituents, which in the course 
of oxidation form three-dimensional cross-linked 
polymeric structures containing material of lower 
molecular weight; the result is toughness, 
flexibility, and a high degree of insolubility. In 
other cases a preformed polymer may be deposited 
from solution in organic solvents or from suspension 
or emulsion in water. There are many possible 
variations, some requiring the use of catalysts or of 

heat to stimulate or complete the drying process. 

The chemical diversity of paint types is indicated 
by that of the media, which may be based on or 
include linseed oil and a number of other drying 


and comments are made on the potentialities of instrumental aids. 


and semi-drying oils, natural resins, and numerous 
synthetic resins, e.g. the alkyds (e.g. modified 
polymers of phthalic anhydride—glycerol), phenol-, 
urea—, and melamine—formaldehyde condensation 
products, epoxide, polyurethane, silicone, vinyl, 
and various hydrocarbon polymers. Other media 
components include nitrocellulose and other 
cellulose derivatives, synthetic and treated rubbers, 
bitumens, and tars. 


PIGMENT TYPES 


There are many pigment (and extender*) types, 
which may be classified according to origin, 
chemical nature, and physical form. 

Naturally occurring types include certain iron 
oxides (e.g. C.I. Pigment Red 102, C.I. Pigment 
Yellow 42) and extenders such as calcium 
carbonate, barium sulphate (C.I. Pigment White 
21, 22, and 23), diatomaceous earth, silica (C.I. 
Pigment White 27), and asbestine (C.I. Pigment 
White 26). They are processed in various ways, 
usually involving control of particle size by grinding 
in water and elutriation or selective sedimentation. 


Manufactured types may be made by— 

(a) precipitation from aqueous solution 
reactions, e.g. the chromate pigments, Prussian 
blue (C.I. Pigment Blue 27), certain iron oxide 
reds and yellows, and organic pigments and lakes; 

(6) calcination, e.g..ultramarine (C.I. Pig- 
ment Blue 29); 

(c) calcination following precipitation, e.g. 
chromium oxide (C.I. Pigment Green 17), zinc 
sulphide (C.I. Pigment White 7), and titanium 
dioxide (C.I. Pigment White 6) pigments; and 

(d) smoke processes, e.g. zine oxide (C.I. 
Pigment White 4) and antimonious oxide (C.I. 
Pigment White 11) (air oxidation of metal vapours), 
and carbon black (C.I. Pigment Black 6 and 7) 
(by combustion of natural gas and other carbon- 
containing materials). 

There are also a number of metal pigments, 
notably aluminium (C.I. Pigment Metal 1), lead 
(C.I. Pigment Metal 4), zine (C.I. Pigment Metal 
6), and (recently) stainless steel (C.I. 77485). 

Among the organic pigments the most important 
for paint are phthalocyanine blue (C.I. Pigment 


* In the present context, extenders may be regarded as particulate 
materials of lower refractive index bes n plants, with corres- 
smaller effects on ity a colour, valuable in 
a —— rheological, mechanical, and certain special 
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Blue 15 and 16) and green (C.I. Pigment Green 7), 
azo yellows of the Hansa type, benzidine yellow 
(C.I. Pigment Yellow 12); and some azo reds, 
e.g. toluidine red (C.I. Pigment Red 3). 

Apart from chemical constitution, the chief 
characteristics to be established and controlled in 
manufacture are crystal structure or habit, and 
particle size and shape, all in relation to correct 
colour and strength. Characteristics may be 
modified after the main processing by surface 
treatments of various kinds or by special milling 
processes, e.g. micronising. Important require- 
ments are, in general, ease of incorporation in 
paint media, insolubility in water and organic 
solvents, fastness to light and to various chemicals, 
and good whiteness with high refractive index, or 
highly saturated colour quality. 


PARTICLE SIZE AND DISTRIBUTION 


The fact that a paint film is only about one 
thousandth of an inch thick itself indicates an 
upper limit of desirable pigment particle size. 
A relatively few oversize particles or agglomerates 
can spoil the surface finish. Moreover, hard 
aggregates of small particles difficult to break down 
can be troublesome in paint making. 

The upper limit of coarseness is about 
20 microns (4). There is a second and lower level 
significant in relation to wetting and dispersion in 
paint making, and to the general flow, smoothness, 
gloss, etc. of paint films. For some purposes this 
may be placed at an upper limit of 5 » (though the 
relative proportions of all sizes present is involved); 
for other purposes | » may be more desirable as the 
predominant size. 

For some pigments and paint systems there may 
be lower limits of particle size below which some 
desirable properties may be impaired. For example, 
at operative particle sizes below about a quarter of 
the wavelength of light, the opacity of white 
pigments is likely to be very small; for the very 
extensively used titanium dioxide in most organic 
media the optimum size is about 0-3 uw. Particle 
size can have profound effects on the rheological 
behaviour of paints. Thus, small quantities of very 
fine extenders can be used to adjust the degree of 
body in a system which is otherwise too slack when 
normal quantities of the main pigments are 
incorporated. 

Size distribution may vary widely from pigment 
to pigment. The following figures are general 
averages of axis diameters for the predominant size 
range in each class— 


coarse extenders 20-2 
fine extenders 
pigments of medium fineness and 

some of the finer extenders 1-0-2 
very fine pigments 0-2-0-01 


Shape may affect both optical and rheological 
properties, and general durability. Particles of 
true spherical shape are rare among pigments. 
Some are markedly needle-like or plate-like and 
many are irregular in shape though approximately 
equidimensional (see Fig. 1 and 2). 

Surface areas vary considerably, some typical 


figures being— 
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Pigment type Surface area ( m*/g) 
(by nitrogen 
adsorption) 

Barium sulphate 
Blanc fixe (precipitated) 4 
(C.I. Pigment White 21) 
Barytes (ground mineral) l 
(C.I. Pigment White 22) 
Zinc chrome (C.1. Pigment Yellow 36) 5 
Chromium oxide (C.I. Pigment Green 17) 7 
Titanium dioxide (C.I. Pigment White 6) 10 


Synthetic yellow iron oxide 1! 

Prussian blue (C.I. Pigment Blue 27) 75 

Medium carbon black 150 
(C.1. Pigment Black 7) 

Fine carbon black 900-1000 


There is much debate about the practical 
significance of measurements of particle size and 
surface area, and indeed about what is meant by a 
“particle”. Recent high-resolution electron micro- 
scopy has revealed that, in some pigment specimens, 
larger units formerly considered to be single 
particles are in fact aggregates of very fine material 
(see Fig. 3). Moreover, there may be considerable 
differences between sizes as revealed by electron 
microscopy on carefully prepared specimens fully 
wetted and dispersed, and effective sizes in practical 
paint systems. This introduces questions of 
wettability and dispersion, and the accessibility 
to molecules of various sizes and kinds present in 
media, of surfaces within agglomerations of very 
fine particles or fissures in particles. Methods based 
on adsorption, sedimentation, and penetration of 
pigment masses by gases and fluids can be used to 
explore these factors. 


OPTICAL PROPERTIES 

The obliterating power of a paint depends mainly 
upon the amount of scattering and the absorption 
of light by the pigment. With whites and pale 
tints there is little absorption; white pigments, e.g. 
titanium dioxide (refractive index 2-7) and zinc 
sulphide (2-4), scatter strongly in organic media, 
many of which have refractive indices of about 1-5. 

To meet the colour-control requirements of 
paint (which are dealt with later), pigments need 
to be closely reproduced in successive batches not 
only as to colour but also as to strength (variously 
called tinting strength, staining power, or colour in 
reduction), which is the ability to impart colour to a 
mixture with other pigments in a paint medium, in 
particular, in the making of tints in heavy dilution 
with white in a paint medium. 

Observations are made on pastes, full colour and 
diluted with white, against a standard pigment 
(e.g. a sample from a previous batch). It is common 
to draw-down pastes with a palette knife so as to 
give wedge-shaped films running from, e.g. 50 » 
to zero, in bands about | in. wide and 3-4 in. long. 
In the thinner parts the dominant undertone of the 
colour can be seen and in the thicker parts 
tendencies towards floating or bronzing (see later) 
may be revealed. 

In making truly comparable observations on 
reduced colours a number of variables must be 
controlled. The selection of the white pigment 
and of the oil or other medium, the ratio of colour 
to white, and the method of preparing the pastes 
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al) affect the result. This is because one coloured 
pigment may be more or less strong than another 
according to the conditions. The tinting curves 
for successive additions of white to two similar 
coloured pigments may cross, and they may cross 
at different levels according to the medium used to 
make the pastes and the pigment-medium con- 
centration. 

These various factors must be borne in mind 
when considering the intended use of the pigments, 
but a typical general test for strength is included 
in some B.S. pigment specifications. For example, 
Prussian blue (0-1 g) is rubbed out with a specified 
acid-refined linseed oil using a palette knife or 
muller on a non-absorbent slab for 5 min, and a 
separate paste of 5 g zine oxide is made similarly. 
The total amount of oil used is “approx. 1-5 ml’. 
The two pastes are then rubbed out together until 
no further colour change occurs, and “‘tone and 
intensity of colour” are compared with those of a 
paste made similarly, using an agreed sample. The 
manner of spreading out and viewing the pastes is 
defined. 

Light-fastness is an important property, which in 
practice involves more than the resistance to fading 
or darkening of the pigment, but also the nature 
of the medium, which itself may alter in colour on 
exposure to light. Tests are therefore made on 
paints. A typical procedure (Specification DEF 
1053, Method No. 33) is to expose a painted panel 
at a distance of 10 + 0-25in. from an enclosed 
carbon are running at 1-3-1-5 kw. The temperature 
of the air in the proximity of the panel is 
maintained at 38-44°C. After exposure for the 
specified time (72 or 168 h according to paint type) 
there must be “little or no change in colour’ and 
this must not be greater than that shown by 
materials. 

n recent years there has been a developing 
interest in the use of the blue wool standards 
of BS1006 for assessment of light-fastness, 
encouraged by the Oil and Colour Chemists’ 
Association through a co-operative investigation 
scheme. 


OTHER PIGMENT PROPERTIES 

Specifications for pigments (e.g. those of the 
B.S.I.) usually cover chemical composition and 
limits for impurities— water-soluble matter and 
volatile matter (usually at 98-102°C)— colour and 
strength, fastness to light, alkali or acid resistance, 
and so on, according to type. A common require- 
ment is freedom from “coarse particles’, usually 
by a “residue on sieve” (240 mesh) test, i.e. at a 
limit well above those already indicated for 
acceptable particle sizes. 

Oil absorption is required to lie within upper and 
lower limits specified for each pigment. It is 
assessed by rubbing out the dry pigment (5-10 g 
according to type) with linseed oil using a palette 
knife under “maximum work conditions” until a 
coherent mass is just obtained, and determining the 
amount of oil required per 100g of pigment. 
Oil absorption is a function of particle size and 
size distribution, shape, facility of particle packing, 
ease of wetting and dispersion by the oil with 
driving out of air and filling of voids by oil. Being 
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expressed by weight it also involves specific 
gravity, which is widely variable among pigments. 
Typical figures are— 

Oil 
absorption 
4-10 
8-40 
8-20 

30-40 


Specific 
gravity 
6-8 
5-7 
4-5 
2-4 


Red lead (C.I. Pigment Red 105) 
Lead chromes (various grades) 
Red iron oxides (natural) 
Ultramarine 


Determination of oil absorption is a much 
criticised test, and for some purposes more useful 
results can be obtained from paste-making experi- 
ments with the medium to be used in the paint, at 
pigment to medium ratios nearer to those for 
practical paint milling. Sometimes the results are 
expressed by volume, and for many pigment— 
medium systems certain paint properties change 
markedly at critical pigment volume ratios typical 
of each system. 

In spite of the wide range of specification and 
other tests, pigments are not thereby fully 
characterised. In selecting and judging pigments, 
the paint maker must rely for the rest upon 
technical experience of behaviour in paint milling, 
in the formation of paint films, and the effects of 
pigments on film properties. The operative 
conditions may be briefly summarised as follows. 

The pigment as received by the paint manu- 
facturer should be capable of being wetted and 
dispersed by the medium (which may be one of 
many types) to a satisfactory operative particle 
size range. During milling in paint making, the 
pigment is “opened up” so that the particle 
surfaces become accessible to the medium (wetting) 
and then, through the establishment of an 
adsorption or reaction condition at the interface, 
the particles remain separated when work ceases to 
be done by the mill (dispersion). 

The product must display good storage 
stability; heavy settlement is to be avoided, 
particularly any tendency towards the formation 
of tightly packed sediment difficult to redisperse by 
stirring. Freedom from colour change due to 
chemical or physical changes in the pigment is 
important (see Fig. 4). 

The product must maintain the consistency 
appropriate to its intended mode of application to 
surfaces, or be capable of being brought to that 
condition by stirring or by the addition of a 
diluent, as appropriate, all without unduly 
disturbing the desired state of pigment dispersion. 
The rate of shear involved in light stirring, 
pouring, general handling, etc. at this stage is in 
the region of 10-100 Application may be by 
brush, spray, roller, dipping, and so on. The 
forces involved can be very large and may affect 
the state of dispersion. Under a brush, for example, 
paint is subjected to rates of shear in the region of 
5,000—10,000 or even higher. 

There must then be good flow of the wet film to a 
level finish obliterating brush or other marks 
typical of the application method, but not so much 
as to cause runs or sags in the coating. This 
implies the correct reaction to a very low rate of 
shear (approx. 0-1-10s') in which surface 
tension forces take part. In other cases the 
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theological condition must be such as to provide 
special texture effects. 

Then the film dries, and the pigment and its 
disposition within the film must be such as not to 
interfere with, but rather to assist, the drying and 
the development of hardness, toughness, and 
flexibility as required and, of course, good 
adhesion. The optical properties (gloss, mattness 
or other finish, colour, and opacity) should be fully 
established at this stage. 

In the period of film drying there is a funda- 
mental change in condition, from fluid to solid; 
moreover, in many cases the medium changes 
chemically. During the change there is considerable 
mechanical disturbance within the film, with 
evaporation of solvent, concurrent volume 
changes, ete. 

Even in the dried film, polymerisation with 
hardening and slow loss of residual solvent may 
occur, leading to general ageing and finally to 
breakdown. These changes are in general 
accelerated by light (and particularly by ultra- 
violet radiation), moisture, temperature variations, 
and atmospheric factors generally, including 
atmospheric pollution and various other chemical 
or physical influences in particular exposure 
environments. 


Coloration and Pigment Distribution in 
Paint Films 

The foregoing discussion emphasises the fact 
that. the pigment—paint relationship is basically 
different from the dye-fibre relationship in that 
the pigments used are an essential part of the 
structure of paint films and affect many properties 
besides colour. 

Paints of different colours cannot in many cases 
be made by simply changing the pigments, without 
further adjustment. Different pigments have 
different chemical compositions and different 
interactions (physical and chemical) with paint 
media. There are a few chemical types which 
provide a wide range of colours dependent upon 
variations in chemical composition within the 
species, in crystal structure, or in physical form. 
For example, in the iron oxide range, pigments 
are available from yellow, through reds and brown, 
to black. Similarly, the chromate range covers 
pale green—yellows, through the yellows, to orange— 
reds. In many other cases the variation within 
each group is small. 

The choice frequently depends more upon the 
chemical nature of the pigment relative to the 


__ intended use and exposure environment of the 


paint, e.g. whether it is likely to meet acid 
atmospheres, alkaline substrates, ete. Other 
chemical factors affecting choice include inter- 
ference with the drying reactions of the organic 
medium, particularly when the paint is used after 
long periods of storage, or a tendency to react 
with acid substances in the medium to form soaps 
such as might affect storage stability. Where, 
however, the development of properties associated 
with a particular pigment is sought, the nature of 
that pigment determines the choice of medium. 
Anti-corrosive primers provide good examples. 
Red lead, various chromates, and calcium plumbate 
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are among those pigments which require careful 
choice of medium if their specific chemical or 
electrochemical anti-corrosive functions on various 
metals are to be achieved. 

However, in returning specifically to coloration, 
and leaving aside chemical relationships between 
pigment and medium, it is valuable to consider the 
distribution of pigment particles in a paint film and 
some of the complicating physical factors. 


PIGMENT CONCENTRATION 


There are paints in which the coloured pigment, 
or a mixture of pigments, provides a very large 
part of the pigment component; there are many 
others in which the dominant pigment component 
is a finely divided opaque white, e.g. titanium 
dioxide, with coloured pigments as tinters. 

In a typical case, e.g. an ordinary gloss paint 
based on an alkyd medium, there would be about 
45°% white pigment by weight or 17%, by volume. 
In a pastel shade there would be, e.g., white 42%, 
and coloured 3°, by weight, or approx. 15% and 
2% by volume. Assuming particle diameters of 
the order of 0-25 and full dispersion and 
separation, the distances between the particles 
would be approx. 0-55 uw, though in practice a 
uniform array is seldom achieved (see Fig. 5). For 
a paint film 25 » thick, one em* would contain 
about 5-5 x 10'° particles, and the surface area of 
the particles in contact with the medium would be 
about 100cm*. For matt paints these pigment 
population figures can be trebled and the pigment. 
becomes an even greater factor in determining film 
structure and properties. 

These data are significant in terms of physico- 
chemical effects, and also in relation to opacity and 
colour via light scattering and adsorption. 


OPTICAL EFFECTS 


When light strikes a paint film, some (usually 
about 4°%, for normal incidence, depending on the 
refractive index of the medium) is reflected 
externally without entering the film. The light 
which actually enters the paint film strikes the 
pigment particles, which absorb some and scatter 
the remainder. With a very thin or inadequately 
pigmented paint film, some of the light may pass 
through the film, but for a paint film of hiding 
thickness (sufficient to hide completely the substrate 
to which it has been applied), all of the light is 
either absorbed by the pigment or scattered back 
as diffusely reflected light. Ignoring certain 
complications which result from the internal 
reflection of this scattered light at the medium—air 
interface, the proportion of the incident light of 
any one wavelength thus reflected is equal to the 
measured reflectance, R, and is related to the 
coefficients of absorption («) and scatter (8) of the 
pigments by the familiar equation @ = «/6, where 
= (1-R)*/2R. 

The values of « and 6 for a particular pigment 
vary with its particle size and the refractive index 
of the medium. The coefficient of absorption 
(which is different from the extinction coefficient 
of the substance in large crystals) rises con- 
tinuously as the particle size is decreased, but the 
coefficient of scatter for a given wavelength passes 


8. 
4 
| 
a 
. 
| 
| 
| 
Wal: 
h 
4 


682 


through a maximum at a certain particle size. In 
the case of white pigments, where their hiding 
power depends almost entirely on the scattering, 
there being little absorption, it is clearly important 
that the particle size should be close to that 
giving maximum scatter. Change in the refractive 
index of the medium affects mainly the value of 5, 
which falls to zero if the refractive index of the 
medium is the same as that of the pigment. 

Black pigments have a high coefficient of 
absorption at all wavelengths and a low coefficient 
of scatter. Brightly coloured pigments have low 
absorption and high scatter in the region of the 
spectrum corresponding to their colour, and high 
absorption in other regions. Many coloured 
pigments (e.g. Prussian blue, ultramarine, and 
many organic pigments) lack high scatter in their 
region of low absorption and, consequently, when 
used as sole pigment in a paint, produce a dark 
colour and lack opacity. This can be remedied by 
adding a white pigment, which supplies the 
necessary scatter. 

The coefficients of scatter and of absorption of a 
paint containing a mixture of pigments are simple 
additive functions of those of its component 
pigments, provided that the pigments are 
adequately dispersed and evenly disposed so that 
the optical properties (colour, hiding power, etc.) 
can be predicted quantitatively. The general 
expression from which the reflectance at each 
wavelength, and hence the colour, may be calcu- 
lated is 


6 = (O4a4 + Crap + ...)/(Cad4 + +...) 


where C4, Cp, ete. are the concentrations of the 
pigments A, B, etc., conveniently expressed as the 
percentage by weight of the total pigment. For a 
pale tint composed mainly of a white pigment, W, 
this approximates closely to 


@ = (C4a4g + Cpag + .. .)/1008p. 


For such paints, @ is thus a simple additive function 
of the coefficients of absorption of the pigments 
present. 


PIGMENT FLOTATION 

In utilising these principles to forecast what 
paint film colour is to be expected from various 
pigments in admixture, or in connection with 
colour control and matching (see later), com- 
plexities arise not only from the difficulty of 
reproducing exactly the general dispersion of 
particles within the medium, but also from any 
p85 distributions of particles. One such 

rives from pigment flotation. 

‘The place at which any individual particle comes 
to rest in the film depends on several factors, 
including concentration; the case of a matt film 
of high pigment content is manifestly different 
from that of a glossy film containing relatively 
little pigment. If, however, there is room for the 
pigment to move, there wil! be a dependence on 
density, pigment particle or aggregate size and 
shape, wetting and dispersion, surface tension, and 
so on. 

These various factors operate in a given medium 
to different relative extents for different pigments, 
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which therefore may take up different positions of 
rest at different levels in dried films containing 
them in admixture. This can occur in white paints 
but is most obvious in coloured paints, because the 
surface may then become of a different colour from 
that underneath. The appearance is as of one 
colour coming to the top—hence floating or 
flotation. Common manifestations occur with 
mixtures of very finely divided pigments (e.g. 
Prussian blue and carbon black) and coarser 
pigments of higher density. The finer pigments 
consist, at least in part, of particles so small as to 
form a colloidal suspension in the medium carrying 
the colour in the floating and normally transparent 
surface layer of a glossy paint film. With such 
paints colour differences between top and underside 
will be clearly revealed on examining a painted 
glass panel. Moreover, flotation is usually greater 
in thick than in thin films, so that across a painted 
surface colour may vary with variations in 
thickness. 

Careful attention to choice of pigment grades, 
the composition of the medium, and paint milling 
techniques, and the use of special agents are the 
means for overcoming the defect, but stubborn 
cases remain and more investigation of mechanism 
and control is needed. 

The same is true of a particular form, sometimes 
called mottled or cellular flotation or Bénard cell 
formation, the last after the French investigator 
who in 1901 described the cellular phenomena in 
fluid layers. Similar patterns have been observed 
in cloud formations, in smoke layers, in gas 
formations on the sun’s surface, and in films of 
lubricating oils and of waxes. 

Simple cases are provided by fluid layers 
receiving heat from below and losing it above. As 
density is dependent on temperature, there is in 
such systems also a density gradient— initially, 
higher density above and lower density below, so 
that the system is unstable, the upper portion 
tending to sink and the lower portion to rise. In 
such circumstances, and with no other disturb- 
ances, a circulation (convection) cell system is 
developed, and in the ideal case each cell has a 
regular hexagonal cross-section. Frequently the 
upward current is in the centre, the downward 
current being down the edges, though in certain 
circumstances the reverse may be the case. In 
practice there may be irregular hexagons, 
pentagons, and so on, but the cellular pattern is 
typical and easily recognised. During its formation 
there is considerable movement within the 
convection cells. 

In a drying paint film, the situation is analogous, 
though more complex. There are changes in 
density as solvent or other volatile material is 
lost, in surface tension, and in viscosity. The 
precise roles of the various factors are not fully 
understood, but the net result is a cellular pattern 
of unit size 2-3 mm or smaller (see Fig. 60). 

The fine mottled effect is three-dimensional by 
reason of humping at the centre of each cell unit, 
and is most evident in coloured paints containing 
mixtures of pigments which differ markedly in 
particle size or in some relevant dispersion 
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(oe) (b) 
(a) Benzidine yellow (C.1. Pigment Yellow 12), 10,000 
(b) Lemon chrome (C.1. Pigment Yellow 34), » 5,000 
Fié,. 1— Electron micrographs (metal-shadowed specimens) 
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(a) Litho! toner (C.i. Pigment Red 49): direct transmission, x 6250 
(b) Ultramarine (C.1. Pigment Blue 29): carbon-shadowed replica showing surtace texture of particles, x 3000 


Fig. 2— Electron micrographs 


(b) 
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(a) Ultramarine, single large particles, « 5600 
(b) Yellow iron oxide, a “large particle” revealed as an agglomerate of numerous very small particles, x 5600 


Fig. 3— Electron micrographs (carbon-shadowed replicas) 


(a) (b) 


(oc) PVA —— paint with Hansa-yellow-type pig: and titani dioxide, freshly prepared and showing full devel of 


colour, = 6 
(b) As (a) after storage during which the colour was much reduced owing to conversion of the yellow pigment from fine particles to 
large crystals, x 6250. The change is prevented by correct medium formulation 


Fie, 4— Electron micrographs of polyvinyl acetate (PVA) emulsion paint 
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Fig. 5— Electron micrograph of section of paint film. Direct transmission through thin section taken 
vertically through the film. Mosaic of six micrographs covering the lower two-thirds of the film thickness, 
x 2500 


(a) Electron micrograph (surface replica) of bronzing film showing a “raft’’ of fine particles above the general surface level, x 6250 
(b) Optical micrograph of film showing Bénard cell formation, x 12 


Fie, 6 
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Fre. 7— Electron micrograph of section of paint film. Direct transmission of vertical section. 

Mosaic of six micrographs— showing Bénard cell formation in depth, x 2000. The slight depres- 

sion in the surface with the funnel of relatively clear medium going down into the film corresponds 
to the boundary between adjacent cells 
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characteristic. Moreover, there may be secondary 
patterns and variations according to the plane in 
which the film dried, whether horizontal or 
vertical, the patterns being elongated in the latter 
case. 
An important feature is that cells which produce 
the surface effect go deep into the film, giving 
vertical planes and lines differing in mechanical 
properties from those of the body of the material 
(see Fig. 7). This can affect subsequent perform- 
ance when embrittlement becomes a precursor of 
breakdown. Such has been observed in a white 
paint in which the cell formation was not 
suspected (there being no colour differentiation) 
until after a period of weathering, when the 
Bénard pattern became apparent in small cracks 
interspersing larger cracks typical of breakdown. 

The effect of cell formation on mechanical 
properties may be beneficial, for it may release 
strains easily and fairly regularly throughout the 
fim on ageing—in some systems a valuable 
alternative to sudden release with the formation of 
large cracks and fissures. 

From a coloration point of view, however, 
cellular flotation is a troublesome defect. Control 
calls for careful attention to formulation. 


BRONZING 


Bronzing provides another example of hetero- 
geneity of pigment disposition in a paint film. It 
is due to the floating of very fine particles of 
pigment on, rather than in, the surface in the form 
of rafts having characteristic reflectance (see Fig. 
6a). The thickness of the rafts deduced from 
shadowed electron micrographs is approx. 0-5-1 y. 
The effect may occur immediately the film is laid 
down, or it may develop only on weathering, as 
medium is degraded and disappears. The degree of 
bronzing is inversely dependent on the wetting 
power of the medium; a good wetting medium 
keeps the pigment within the film. By choice of 
medium, bronzing may be suppressed or enhanced, 
but control is by no means absolute, and primarily 
it is a matter of selection of appropriate pigments. 

Some highly coloured pigments have strong 
absorption bands in particular spectral regions, 
absorption being complete just inside the pigment 
surface. The energy thus taken up is re-emitted 
as light of similar wavelength. The net effect is 
a selective reflection of the same kind as occurs at 
metallic surfaces; white incident light on ordinary 
glossy paint films, whatever their colour, produces 
white highlights; on metals it produces highlights 
of the same colour as the metal. 

Pigment particles floating on a film and sub- 
stantially free of medium are in the right condition 
to give these optical responses, and their fineness 
enhances the metallic effect by the near planeness 
of the surfaces of the rafts. Coarse irregular 
particles similarly placed would provide less 
mirror-like layers. 

Bronzing pigments give interesting effects on 
dilution with white pigments, with the interplay 
between their production of colour, by the normal 
absorption processes as well as by selective 
reflection, and the high scattering power introduced 
by additional white pigment. 
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Plotted on a  trichromatic (chromaticity) 
diagram the path from full colour to white at the 
centre is circuitous. Few pigments on dilution with 
white pigment give a straight path on such a 
diagram, but the departure from straightness for 
bronzing pigments can be very marked. Additions 
of white may at first strengthen the colour, further 
additions change the hue, and yet further additions 
weaken the colour progressively to white or 
neutral. There may be a variety of effects. 

In a particular example, a bronzing Prussian 
blue which in full colour had a brilliant red bronze 
showed steady reduction in intensity of colour 
with addition of barium sulphate until at 40% 
coloured pigment in the mix there was a sharp 
change in hue; thence progressive loss of red 
occurred but without loss of colour strength up to 
10°%, coloured pigment. Finally, on further dilution 
with white the material behaved like a normal blue 
pigment. 

Colour measurements on such systems can be 
made with light at the specular angle to give the 
bronze, under diffuse conditions to give an overall 
effect, or in dilution with white beyond the level 
critical for each pigment (as illustrated above) to 
give the basic colour or undertone. 


Colour Control 
PIGMENT COLOUR CONTROL 


The same control of chemical and physical 
factors is necessary in the production of pigments 
as for many other chemical products. Control of 
particle characteristics is, however, a matter of 
major importance. There are size limitations 
which are set by the mere fact that the products 
are to be used in paint, as has already been shown, 
and there are direct effects of particle size on 
colour, strength, and undertone. Two examples of 
investigations of these effects will be described. 

Samples of hydrated iron oxide were taken at 
stages in the production of a single batch. They 
ranged from the original first-formed particles to 
sizes representative of the normal pigment and 
beyond. Studies were made of crystal structure 
(X-ray analysis), chemical composition, surface 
area (nitrogen adsorption), particle size and shape 
(electron microscopy), and optical characteristics 
(scatter, absorption, reflectance) at full strength 
and on dilution with white pigments in various 
media. 

All samples were of similar acicular particle 
shape and similar crystal structure, all being 
a-FeOOH (goethite) and closely corresponding to 
Fe,0,,H,0. Size was the main variable, the size 
range being ten-fold. Samples having the smallest 
particles (surface area approx. 65 m*/g) were brown 
and lacked opacity, but they had high tinting 
strength and gave clean yellow tints on dilution 
with white pigment. In the middle range, typical 
of normal commercial materials (about 10-20 m?/g), 
the colour was yellow-orange, the opacity was 
higher, and the tinting strength only slightly 
lower. The tints were clean and of a good yellow. 
The samples in which the particles had been grown 
(to about 6 m?/g) to exceed in size those of normal 
commercial hydrated iron oxides were more 
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orange, the tinting strength was low, and the tints 
on dilution with white were redder than the others. 

These changes in colour properties are to be 
expected from fundamental physical principles. 
The particles of the first sample had a diameter 
considerably less than the wavelength of light, 
being therefore unable to scatter light efficiently, 
although, owing to-their smaller size, they had a 
higher coefficient of absorption than the larger 
particles. Low scattering and relatively high 
absorption means that little light is scattered back 
by the pigment particles, and the colour is dark 
unless a white pigment is added to provide the 
necessary scatter. The colour of the tints is a clean 
yellow, since the blue absorption band is at its 
greatest intensity for the smallest particles. 

As the particles grow, a point is reached where 
they are of the right size to have maximum 
scattering for short-wave violet light. As they 
increase in size, it seems that the maximum 
scattering for longer wavelengths is reached and 
the largest particles have the highest coefficient 
of scatter for red light, whereas that for shorter 
wavelengths is falling again. This naturally leads 
to a brightening and, at the larger sizes, a reddening 
of the colour, which is further contributed to by the 
weakening of the absorption band to which the 
yellow colour is due. 

Another example comes from among pigments 
that are calcined in production. Samples of 
chromium oxide green (C.I. Pigment Green 17) 
were made in the laboratory from a primary 
sodium chromate (wet) reduction product, portions 
of which were then calcined in air at successively 
higher temperatures. Somewhat similar physical 
and chemical studies were made as for the iron 
oxides. The results were as follows— 


Calcined at Average particle Colour 
(°C) diameter (,) 
600 0-1 Dark green 
700 0-2 Brighter green 
920 0-5 Bright yellowish 
green 
1000-1050 1-0 Dark bluish 
green 


X-ray analysis gave the same absorption lines 
for all samples, but sharpness and intensity 
differed. The increasing sharpness was attributed 
to increasing crystallite sizes. The differences in 
relative line intensities were small, but suggested 
that minor structura] defects were progressively 
removed as the crystallites increased in size. The 
electron micrographs suggested that the particles 
in the samples calcined at the lower temperatures 
were very imperfectly formed, whereas those 
calcined at higher temperatures were progressively 
less imperfect. 

The coefficient of scatter changed with particle 
size in the manner expected theoretically. Scatter 
vs. wavelength curves had maxima at the long- 
wave edges of the absorption bands, and the actual 
value of the coefficient of scatter at any particular 
wavelength increased with particle size, up to a 
diameter of about 0-2-0-5 ». The particle size of 
the sample calcined at 1000-1050°C was evidently 
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well above the optimum for scattering of visible 
light and there was very low scatter at all wave- 
lengths in the visible, scatter increasing in the 
longer-wave infrared region. 

The absorption bands became sharper and more 
intense as the temperature of calcining increased 
to 920°C. This is probably an effect of the greater 
perfection of crystal structure; change in particle 
size alone would produce a change in the opposite 
direction. The larger particle size of the sample 
calcined at 1000—1050°C was, however, consistent 
with the expected drop in sharpness and intensity 
of absorption. 

These examples indicate the dependence of 
colour on particle size, but in many cases crystal 
structure and the presence of impurities, non- 
stoichiometry, and other physical factors, e.g. 
particle shape and the distribution of shape and size, 
can have important effects. 


PAINT COLOUR MATCHING 

The standard of matching of paint colours is 
very high, a good deal higher than in industries 
where the nature of the product sets a limit to the 
closeness of matching or where the circumstances 
of use are less critical. The importance of colour 
reproducibility is exemplified by the need to avoid 
obvious colour differences (a) between adjacent 
wall areas painted with different batches of the 
same paint; (6) between parts of consumer 
durables which may later be assembled, or in 
retouching or patching damaged areas; and (c) in 
“expanding’’ systems of, for example, metal 
furniture to which units may be added at different 
times. Colour matching is a highly skilled 
occupation, requiring critical judgment of small 
colour differences, detailed experience of the colour 


Tinting Notes 
strength 
Poor Particles irregularly shaped 
Fairly high 
High Tints have a yellowish undertone 
Poor Tints have a bluish undertone 
are hexagonal and plate- 
ike 


effects of various pigments, and ability to embrace 
complicating factors, e.g. different surface textures, 
gloss, mattness. 

Reproduction of batch colours calls for suitable 
master and working standards (colour patterns), 
comparisons being made on samples not less than 
3-4 in. square; larger areas (up to a foot or so 
square) are recommended for very close matching. 
Sample and standard should be held in the same 
plane, and should touch on as long a contact line 
as possible, to avoid edge effects, and it is 
advantageous to view both sample and standard 
on a background of approximately the same 
colour. 

Good lighting conditions are essential. Good 
daylight is ideal, but if it is necessary to use 
artificial lighting, the most suitable available at 
present is based on carefully chosen fluorescent 
lamps, sometimes with tungsten lamps to supply 
more energy at the red end of the spectrum, in 
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which some fluorescent lamps are deficient. The 
xenon are lamps now becoming available give an 
intense white light, with high emission at all 
wavelengths of the spectrum, and it is likely that 
eventually they will become more widely used for 
colour matching. Whatever type of artificial light 
is used, a final check should be made in daylight. 
The colour matcher should have normal colour 
vision, for which a number of tests are available, 
notably the Ishihara charts. It is also desirable 
that his power of colour discrimination be high; 
this can be tested by the colour aptitude test 
developed by a committee of the U.S. Inter- 
Society Color Council. 
The matching problem is complicated by the 
fact that the colour adjustment of the batch to 
meet the required match in the dried film has 
necessarily to be done on the fluid, and colour 
changes may occur during ing. At least, the 
texture of a wet film is different from that of a dried 
film and affects judgment of colour, although an 
as colour matcher can allow for likely 
ifferences between wet and dry films. Sometimes 
wet standards are used (e.g. samples of previously 
accepted batches); final matching is, however, 
often carried out on films dried rapidly, e.g. by 
mild stoving, or by full stoving for industrial 
finishes of the stoved type. 
The question arises: Why cannot an exact 
formulation be used in making the paint so that 
there is no need for final colour adjustment? The 
answer lies in uncontrolled variations in pigment 
dispersion from causes not yet adequately defined, 
and subtle variations in component materials. 
Care is taken in many cases to under-tint rather 
than over-tint in the primary formulae so that, e.g. 
in a pastel shade, small additions of colour can be 
made, rather than very large additions of white, 
which would unduly increase the quantity of paint 
required. 
In some cases special needs may be met by 
tinting with colour pastes, each containing a single 
pigment, a standard white paste in the required 
medium. In this connection, there have been 
major developments in the last few years of unit 
tinting schemes for the retail sale of paint. The 
purchaser chooses his colour from an extensive 
range of colour patterns, and a code against that 
colour indicates the tinters and the quantities of 
them required to be added to a base paint (usually 
white) either by automatic dispenser or from unit 
tubes. Such schemes call for accurate reproduction 
of tinters in colour, strength, and dispersibility. 
In normal factory ures for colour 
matching, from the mill batch to the 
finished product usually involves from two to 
six adjustments before matching to standard is 
achieved. Some of the ways that are being 
developed to reduce the time so consumed will be 
described later. 


TOLERANCES IN MATCHING 

A basic requirement of instrumental methods 
either for recording colours or as an operational 
aid is that they shall be capable of dealing with 
small colour differences of importance in paint 
matching, i.e. with commercially acceptable visual 
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differences. In determining the magnitude of such 
differences, investigations have been made in 
which colour matchers, instruments, and series of 
near-match painted panels played a part. 

In one experiment 20 colour matchers were each 
given a standard painted panel (a “light biscuit’’, 
BS 381C) and 24 near-match panels tinted away 
from the standard in various directions by small 
progressive additions of red, yellow, green, blue, 
black, or white tinting pastes. The steps were 
chosen so that the furthest panels in each set would, 
it was judged, be sufficiently far from the standard 
to be rejected fairly consistently as commercial 
matches, while most of the nearer panels were 
considered likely to be acceptable to some 
observers but not to others. The aim was to 
provide material for statistical appraisal of 
acceptability. 

The observers were asked to compare the panels 
with the standard, one at a time and in a given 
(random) order, and to accept only those suitably 
close to the standard for routine production of a 
high-quality stoving finish. There were fairly 
wide variations among the observers, particularly 
where individuals were normally concerned with 
other types of paint products, but the majority 
gave 6-8 of the 24 panels as acceptable matches 
to the standard. 

Comments on the panels were confined in the 
main to (a) very simple terms such as “too 
yellow’, “too red”’, “too green’’ or their opposites, 
implying that the hué required correction, and 
(b) terms more difficult to interpret, e.g. “too pale’’, 
“too deep’’, dirty’, “too clean”. Terms such 
as “warmer’’, “richer”, “brighter”, and “fuller” 
were used only in a few isolated cases. Although 
most of the comments were of this descriptive 
character, some observers indicated what was 
needed to put the colour right, e.g. “more red’, 
“more white’’, etc. 

An extensive analysis was made of the results 
which, when considered against instrumental 
measurements of the panels using a Beckman 
photoelectric spectrophotometer, indicated that 
samples with a colour difference less than 0-25 
N.B.S. units* were sometimes rejected, though 
there was evidence that even smaller differences 
were detectable. The average level of acceptance 
by 50%, of observers was 0-25 N.B.S. units in any 
colour direction, with up to nearly 1 N.B.S. unit 
in certain preferred directions. 

In further experiments, panels were prepared 
from paints provided by manufacturers, either (a) 
from successive batches (in one case 50 batches 
made over a period of a year) and all accepted as 
commercial matches to a standard for the 
particular types of production and end-uses, or 
(6) in small groups with information as to whether 
or not these colours had been considered acceptable. 
Some were general decorative finishes and others 


* The N.B.S. (National Bureau of Standards) unit combines the 
expression of colour quality difference on a uniform chromaticity 
diagram with a lightness scale based on the square root of the 
luminance factor, the magnitude of the unit being chosen to be five 
times the smallest difference that a good observer can see and such 
that differences of less than one unit would be unimportant “in most 
commercial transactions”. 

The eye of an experienced observer can, in fact, discriminate surface 
colours, ¢.g. between painted surfaces of similar texture, down to 
0-2 N.B.S. units or even less. 
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industrial stoving finishes requiring very close 
matching. It was found that, for the latter, 
tolerances of only about 0-5 N.B.S. units were 
allowable in a white and in a grey-green series, 
with up to 0-75 for light blue and light green, 
which were the other subjects. The luminance 
factor tolerance was in all cases no more than 
55%, of the figure for the standard. For some 
decorative finishes the figures were higher, namely 
1-0 N.B.S. unit for a cream, an ivory, and a 
“vellum”, and 2-0 for a green, but with some 
admissions rather higher, particularly in a series in 
which the samples represented a large number of 
repeat batches over a long period. 

Recent observations suggest even closer control 
and emphasise that a very high level of discrimina- 
tion must be achieved by instrumental aids. 


COLOUR MEASUREMENT 

The first main purpose for which colour measure- 
ments may be required in paint technology is to 
provide an absolute basis for colour standards, 
independent of the well-known instabilities of 
material standards. For this purpose photoelectric 
spectrophotometers designed for dealing with 
reflecting materials are most suitable. These 


instruments include, on the one hand, the relatively 
inexpensive manually operated types, e.g. the 
Unicam, Uvispek, and Beckman DU instruments, 
and on the other hand the more expensive but 
highly convenient recording types, e.g. the GE 
(Hardy), Beckman DK 2, and the Perkin Elmer 


instruments. 

The spectral reflection curve which these 
instruments give is usually recognisable in general 
terms as representing colour of a certain type, but 
is not usually interpreted in detail in terms of the 
colour without further calcuiation (using the colour 
response data of the eye) by which the results are 
translated into a trichromatic system such as the 
CIE system. The reflection curve itself provides 
more information about the sample than just its 
colour. The shape of the curve can frequently be 
used to give some indication of the types of 
pigment used to produce the sample and, perhaps 
more important, it enables a sample to be matched 
in spectral distribution as well as in colour, thus 
ensuring that the match will remain good under 
any conditions of illumination. 

The second main purpose is to assist colour 
control in a number of possible ways which are 
discussed later. Here, three-filter photoelectric 
comparators give a rapid and precise comparison of 
nearly matching colours. The filters must be so 
chosen that they convert the response of the 
instrument into the response curves of the normal 
eye to the three primaries of the CIE system (thus 
carrying out the above calculation automatically). 
Such instruments offer the most promise for rapid 
and precise comparative measurements. Sensitive 
photoelectric cells or photomultipliers and high 
amplification can be used to give a high sensitivity 
to small differences. Several instruments of this 
type have received attention in connection with 
paint matching; e.g. (from the U.S.A.) the Color- 
master, the Color-Eye, the Color and Color 
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Difference Meter, and (from the U.K.) the Hilger 
J40 colorimeter, the Colorcord, and the Colormat. 

Even with photoelectric instruments of the 
highest sensitivity it is difficult to equal the 
performance of the trained observer in dis- 
criminating small colour differences. For the 
lighter and intermediate colours the sensitivity 
of the instrument may approach that of the trained 
eye, but for the darker colours the instrument 
sensitivity falls because of the decreased amount 
of light available, whereas the sensitivity of the eye 
is maintained even in the comparison of deep blacks. 

A sensitivity of 0-3 N.B.S. units can be expected 
in a good spectrophotometer. That of photoelectric 
colorimeters varies considerably, but does not, at 
present, exceed 0-3-0-25 N.B.S. units. Such 
sensitivities, although lower than that of the 
trained observer, are nevertheless sufficient to 
indicate colour differences for fairly light and 
intermediate colours comparable with the 
tolerances to which it is desired to work in the 
paint industry*. 

An important matter that has to be borne in 
mind in relating visual and instrumental appraisal 
is the effect of surface texture. It is possible to 
“match” a glossy paint by a matt one only to an 
individual’s satisfaction. Exact instrumental work 
requires close similarity of the level of gloss or 
mattness as between standard and sample. The 
extent of the effect is indicated by the fact that 
passing from a glossy paint surface to a matt one 
of the “same” colour is equivalent to adding 
approximately 4% of white light. Thus, dark 
colours are affected more than light ones, and 
saturated colours more than less saturated ones. 


INSTRUMENTAL AIDS TO MATCHING 


How can instruments directly assist the colour 
matcher? Much work has been carried out at the 
Paint Research Station on this problem. Some 
manufacturers have made good progress, but so 
far the industry predominantly depends on the 
colour matcher. 

As part of the studies so far made, prac:ical 
matching operations have been followed, paint 
samples being taken at each stage and the colour 
matcher’s comments and tinter additions noted. 
Subsequent colorimetric measurements showed how 
judgment was affected by the three-dimensional 
nature of colour, expressed, e.g., as hue, lightness, 
and saturation, no addition of tinting pigment 
affecting only one of them. For example, it might 
be thought that a batch correct as to hue and 
saturation but too dark could be corrected merely 
by addition of a white pigment paste; in fact that 
would also decrease the saturation. Conversely, 
the addition of, e.g., a yellow paste to correct the 
hue would also increase the lightness. Moreover, 
the addition of, e.g., a yellow pigment in this way 
would add more than yellow colour, bringing in 
some red and green according to the spectral 
distribution associated with the pigment. 

In the following test, measurements were made 
on small samples taken during the matching 
process as amounts of individual tinters were 


* See discussion— question by Mr. I. Gailey. 
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added in a small-scale trial before attempting to 
correct the whole batch. The colour was a sea 
green, an acceptable match having a luminance 
factor of 31-1%, starting from primary material 
having a luminance factor of 23-9°/. The matcher 
proceeded by the following steps— 

(1) Added a white paste (all additions were 
made as predispersed pastes), bringing the 
luminance factor to 29-7°%. (Instrumental readings 
subsequently showed that further addition of white 
would have been the best next step, but the 
matcher proceeded differently.) 

(2) Added lemon chrome, altering the hue in 
the wrong direction, but bringing the luminance 
factor to 30-6%,, very near to that required. 

(3) Added white, slightly correcting the hue, 
but reducing the saturation and altering the 
luminance factor to 33-2%. 


(4) Added Prussian blue in two successive 
amounts. This showed better judgment, helping 
to correct all three factors at once and reducing 
the luminance factor to 32-2%. 


(5) Added black in two successive amounts, 
bringing the colour very near to the acceptable 
match at a luminance factor of 30-7%. 

Optical measurements showed that the matcher 
would have achieved his objective more rapidly if 
he had gone further with his early additions of 
white. 

In another case, the aim was to produce an 
olive green of luminance factor 6-1%. The batch 
started insufficiently blue and too light (8-1%). 
The matcher proceeded as follows— 

(1) Added blue. This was in the right 
direction for hue, and reduced the luminance 
factor to 7-3%. 

(2) Added red. Here there was confusion 
between hue and lightness, the idea presumably 
being to make the colour darker; in fact, it altered 
the hue slightly in the wrong direction and left the 
luminance factor at 7-3%. 

(3) Added red. The idea behind step 2 
per and the result was a slight worsening of 

ue and only a minor change in luminance factor 
to 7:2%. 

(4) Added black. The need to darken the 
colour was now dominant. The luminance factor 
decreased to 6-7°,, approaching that required, but 
the hue was affected, becoming too yellow. 

(5) and (6) Added successive amounts of 
blue. This was wholly in the right direction and, 
with final minor adjustments, corrected the hue and 
brought the luminance factor to 6-1%. 


The general trend of this matching was reason- 
ably sound; it might have been more quickly 
achieved by an earlier perseverance with additions 
of blue before other corrections. 


Mr. D. T. Preston: Which of the colour- 
measuring systems mentioned in the paper have 
found the widest acceptance in the paint industry, 
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Discussion 


These examples illustrate the kind of matching 
operations it is hoped to shorten. In general, the 
methods being explored aim at reducing the 
number of attempts at a match, rather than at the 
elimination of the colour matcher, whose ability to 
adjust for technical variations of various kinds is 
not likely to be easily replaced by mathematics. 

One suggestion is to use colorimetric data in an 
empirical way when dealing with repeated batches 
of the same paint. This, in its simplest form, 
requires measurements on a range of mixtures of 
the ingredients, so that quantities for adjustment 
of a mill sample to a standard can be deduced. 
Another method is to go almost the whole way by 
converting colorimetric differences between sample 
and standard to quantities of pigments needed to 
adjust the match—a complicated mathematical 
procedure— at least to the point of a final minor 
adjustment by the matcher. 

Methods for the conversion of colorimetric data 
(figures) to quantities of pigments in admixture 
have been available for some years*. The major 
difficulty has been the time required to make the 
complicated calculations—a matter of hours. 
With the aid of high-speed digital computers, 
formulae based on absorption and scattering 
coefficients have recently been developed at the 
Paint Research Station in a form suitable for 
programming, and it is possible to compute very 
quickly the amounts of various pigments required 
to match a given measured colour, or conversely 
to compute the colour that would be produced by 
any mixture of pigments, or to draw up data on 
the ranges of colour that can be produced by 
mixing any of these pigments taken in pairs. 

By combining precise colour measurement, 
particularly the use of differential methods for 
determining small differences between sample and 
standard, with rapid methods of calculation, it 
should prove possible to give the colour matcher 
considerable guidance. Moreover, such calculations 
are likely to assist in studying the suitability and 
cost of proposed formulations and may indicate 
simplification of existing formulae. 

* * * 


The various investigations described were carried 
out at the Paint Research Station, and thanks are 
due to my various colleagues concerned, in parti- 
cular Miss D. L. Tilleard and Dr. D. R. Duncan. 
Parts of the first section were originally published 
in connection with the symposium “Powders in 
Industry” held by the Society of Chemical Industry 
in September 1960. 

RESEARCH ASSOCIATION OF THE British Part, CoLour, 
AND VARNISH ASSOCIATION 

Paint Researcnu 

TEDDINGTON 

MippLEesex 


(MS. received 8th May 1961) 


* Ia particular, in relation to paint, D. R. Duncan, J. OU & Col. Chem. 
Assoen., 32, 296 (1949). 


and to what extent are they employed for day- 
to-day matching? 
Dr. Betz: It is not easy to make a general 
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statement, except to say that such methods are but 
little employed in dealing with day-to-day match- 
ing. Both spectrophotometry (including abridged 
spectrophotometry) and tristimulus colorimetry 
are to be found here and there in the industry, but 
there is as yet no general development. 

Mr. Preston: What is the relative ease of 
colour matching with inorganic pigments as com- 
pared with organic pigments? 

Dr. Bett; The problems do not lie so much 
with organic, as against inorganic, pigments, but 
with freedom from such things as dispersion 
instability, flotation or bronzing, to which indi- 
vidual pigments, whether organic or inorganic, may 
be disposed. 

Dr. R. McGrrecor: What additives are used to 
give thixotropic paints their special properties! 
Does the physical size and shape of the pigment 

rticles used have any influence on this type of 

haviour! 

Dr. Bett: Thixotropy in paints can be achieved 
in various ways, but the full effect, as in some gel 
paints, is generally associated with specific treat- 
ment of the medium. Various degrees of 
thixotropy and other rheological conditions can be 
achieved by the selection of particular pigment- 
extender combinations. Some very fine surface- 
treated extenders have definite beneficial effects on 
body and flow of paints, forexample. The position 
is complicated, involving many factors in which 
both pigment and medium are concerned, and is 
not so fully understood as to enable the question 
to be adequately answered directly in terms of size 
and shape. 

Mr. A. Murray: Does catalytic fading occur 
with mixtures of certain pigments in paints? I 
have noticed that with some green paints the 
yellow component almost disappears on weathering. 

Dr. Bexu: There are cases of fading of relatively 
small amounts of coloured pigment in association 
with large amounts of whites. Systems deficient 
in this respect have to be avoided in formulation. 
In a way the fading could be called catalytic. The 
particular cases mentioned by Mr. Murray are 
probably more directly chemical, involving acid 
attack from polluted atmospheres on particular 
pigments. However, fairly recent work has shown 
that the state of oxidation of the medium is 
important, and that specific agents can have an 
inhibitive effect. 

Dr. W. Carr: Dr. Bell has stressed the 
importance of the pigment in the physical proper- 
ties of the wet paint and the paint film, and has 
described the phenomena of flocculation and 
flotation, which often occur when mixtures of 
pigments are used. Both these phenomena usually 
occur when the pigments in the mixture differ 
widely in particle size and other physical 
properties, i.e. when one pigment is organic and the 
other inorganic. Many surface-active agents have 
been used on an empirical basis to overcome these 
troubles but with only limited success. 

Recently, however, Professor Overbeek of 
Holland and his co-workers have attacked the 
problem from a theoretical basis. Because electro- 
phoresis can take place in non-aqueous systems, 
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such as paints, although the mobilities are much 
less than in aqueous systems, they have applied to 
non-aqueous dispersions the principles of aqueous 
colloidal systems, including electrical double layers, 
zeta potentials, etc. Their conclusions are both 
interesting and surprising. For very small particles, 
the theory leads to the deduction that only power- 
ful anionic surface-active agents, e.g. the well- 
known dialkyl succinates, will increase dispersion 
stability; long-chain fatty acids, on the other hand, 
will reduce the dispersion stability of small 
particles. For larger particles, the converse is true. 

If these conclusions are valid, it would seem that, 
to prevent flocculation and flotation, one type of 
surface-active agent is required for the small pig- 
ment particles, i.e. organic, and another for the 
larger, i.e. inorganic. Has Dr. Bell any comments? 


Dr. Betx: Professor Overbeek’s workisextremely 
interesting, but I should like to learn more of the 
theories when applied to a wide range of pigment 
combinations and types in various media, because 
in practice many factors are involved. I do not 
think that in practice it is just a matter of small as 
against large particles, if only because pigments 
differ so much chemically. Moreover, there is the 
question of the relationship between different 
surface-active agents and the media in which they 
are present. In practical paint systems there can 
undoubtedly be changes in adsorbed layers with 
replacement of one active material by another from 
the medium, on storage or possibly even as the 
paint film undergoes oxidation. Nevertheless, the 
indications of Professor Overbeek’s work as out- 
lined by Dr. Carr are worthy of considerable study. 


Dr. E. ATHERTON: Does Dr. Bell consider that 
it is possible to use computer methods, as described 
in the earlier paper by Alderson et al., for colour 
matching with pigments in paint films. 

Dr. Bett: The computer methods described by 
Alderson et al. offer some attractive possibilities in 
the paint industry. The same basic formulae are 
applicable, with the difference that there is no 
substrate to take into account and all measure- 
ments are made on films of hiding thickness. 
Digital computer programmes are available to 
calculate the relative amounts of four chosen 
pigments required to match a given colour or, 
alternatively, the spectrophotometric method can 
be used for the limited case of tinting a white base 

int. 

The methods are available, but instrumentation 
is still expensive and there are a number of tech- 
nological difficulties. So far only a relatively few 
industrial concerns have shown interest. 


Mr. I. Gamgy: Dr. Bell states that the 
sensitivity of photoelectric colorimeters does not at 
present exceed 0-3-)-25 N.B.S. units. This is con- 
trary to claims that have been made for the 
Colormaster differential colorimeter. When this 
instrument is used as a comparator to measure 
small differences between a standard and a sample 
of the same colour, differences of the order of 
0-05 N.B.S. units can be detected, provided that 
the surfaces of the standard and the sample are 
smooth and regular. Results obtained with the 
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Colormaster under these conditions have also been 
stated to be reproducible to 0-02-0-03 N.B.S. units. 

Dr. Bett: The figures given in my paper are in 
practical terms relative to visual observation, which 
itself does not provide an absolute standard. In 
one sense the eye is the only means of checking an 
instrument, whilst in another sense an instrument 
is the only means of checking the eye. 

The other point is that there is a difference 
between the sensitivity of the instrument at any 
given time and the general overall practical 
sensitivity for colour-matching work with indus- 
trial paints applied to specimen panels. My figures 
really relate to sensitivity in the sense of a sound 
level of reliability under reasonable practical con- 
ditions, with measurements made in relation to a 
white standard. 

It is true that the scale of the Colormaster 
differential colorimeter can be read (by estimate) 
to four figures, i.e. to 0-01%, and that a change of 
less than 0-03°%, in the scale reading can be detected 
as a deflection on the null-point meter. Thus it is 
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possible to detect the existence at any one time of 
very small differences indeed, e.g. variations over 
the surface of a test panel or between two similar 
panels. 

In measurements relative to a white standard, a 
number of possible sources of variations may 
become significant, e.g. very small drifts in the 
photocell responses, or minor changes in the 
electrometer measuring circuit, in the lamp 
emission, or in the temperature of the filters. We 
have found that the standard deviation of measure- 
ments made on a fairly light-coloured uniform 
panel against a white standard, over a period of two 
or three weeks, was about +0-15% in X, Y or Z 
or +0-0003 in x or y. ; 

The high sensitivity is, of course, of great value 
in giving something in reserve to cover minor 
variations in the conditions and in providing for 
the exploration of non-uniform specimens. We 
regard, with considerable confidence, the operative 
figure for our kind of work to be 0-3-0-25 N.B.S. 


units. 
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Practical Problems in Preparation and Dyeing of Cross-wound Packages 


J. WHITTAKER 


Package dyeing is a relatively new but expanding method of advantageously producing dyed yarns 
for various end-uses. Consideration is given to the principles governing the production and processing of 
suitable cross-wound packages. Mention is made of some of the problems with which the package dyer is 
faced and recipes are outlined for overcoming them. Finally the advantages of high-pressure drying are 


briefly discussed. 


Introduction 

Despite the increasing interest being shown in 
package dyeing it is some considerable time since 
the general principles involved were adequately 
reviewed. A Symposium on science and craft in 
coloration seems to provide an opportune occasion, 
since the process has been established sufficiently 
recently to take advantage of increasing systematic 
knowledge and yet is old enough to embody the 
dyers’ traditional skill and craft. It has been said 
that package dyeing used to be like a New England 
proved ret you put in the colour and materials, 
went away for two hours, and hoped for the best. 
Today, however, in co-operation with technologist, 
engineer, and chemist, the package dyer has much 
more confidence in his own art and skill. 

In order to confine the scope of this paper cross- 
wound packages alone are considered, i.e. those 
specially constructed to facilitate dyeing of the 
yarn. This will eliminate some of the well- 
established forms of dyeing package, e.g. cops and 
beams, but cheeses, cones, muffs, and rockets will 
provide sufficient claims for attention. 

Package dyeing of yarns is usually undertaken to 
eliminate serious disadvantages of traditional 
forms of dyeing. Fashion shades can be produced 
more readily than in the case of raw-stock dyeing, 
and no spinning difficulties are experienced. The 
condition of the yarn is more easily preserved than 
in hank or chain-warp dyeing, thus facilitating 


subsequent processing. Larger weights per shade 
can be accommodated than in cop dyeing. Package 
dyeing also provides an ideal method for the 
production of coloured woven goods, striped 
circular knitwear, and jacquard patterns. 

Many problems that are common to other forms 
of dyeing are found also in package dyeing, but 
there are others peculiar to it, so that many of the 
principles involved require fuller explanation. The 
purpose of this paper is to consider those principles 
which are peculiar to package dyeing, viz., prepara- 
tion of the package, the performance sg liquor- 
circulating pumps, the properties of the dyes, and 
the presentation of the product. 


Preparation of the Package 

The time and care spent in the preparation of the 
package play an all-important part in the adequacy 
of the dyeing. There are two important factors to 
consider at the outset. A package has to be 
presented which is equally suited to the require- 
ments of the dyer and to those of the subsequent 
processor. It is of little use to have a package 
which reduces the dyer’s burden and enables level 
dyeings to be obtained if it becomes so distorted 
during processing that the waste is excessive or the 
subsequent processes become uneconomic. 

The mechanical, hydrostatic, and hydraulic 
forces to which the package is subjected necessitate 
a special construction, but the shape and size are 
widely variable (see Fig. 1). 

Obviously, a dyehouse which forms part of a 
vertical organisation can choose the package which 
most conveniently fits in with the adjacent 
processes, but a commission dyehouse has to con- 
sider a wide variety of customers and chooses that 
form which can readily be transformed into various 
others. The ideal package is of uniform density 
throughout. It should be of sufficiently open 
construction to permit dye liquor to flow freely, 
but yet dense enough to prevent channelling of the 
liquor through more accessible places and con- 
sequent failure to dye in others. 

The density of any package may be adjusted 
during the winding process by altering the relation 
between the rate at which the yarn is laid on the 
package and the rate at which it moves across the 
package. The number of layers placed on the 
package for each time of crossing is known as the 
“wind”. Fig. 2 illustrates one-wind and two-wind 


packages. 
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Basically there are two methods of producing a 
cross-wound package— surface winding and preci- 
sion winding. In surface winding the yarn package 
is formed on a freely rotating spindle which is 
driven by a spirally grooved roller. Precision 
winding utilises a positively driven spindle on 
which the package is mounted. Hairy yarns are 
more frequently wound on surface-driven packages, 
and continuous-filament or smooth staple yarns 
on spindle-driven packages. However, packages 
of either type of yarn can be successfully wound on 
both systems. 

The factors affecting the density of the package 
when surface winding are different from those that 
govern it in precision winding. In surface winding, 
the number of winds varies as the package diameter 
increases, but the wind angle (the angle between the 
direction in which the yarn is laid on the package 
and the diametrical plane of the package) remains 
constant. Crossing angles and reversal angles also 
remain constant, so that if the starting diameter and 
initial wind are suitably chosen the package 
structure can be satisfactorily designed. Fig. 3 shows 
the effect of increasing diameter in surface winding. 


4 


2 Winds | Wind 


Fie. 3 


In precision winding, the number of winds 
remains constant but the winding angle decreases. 
The angle of reversal also decreases, so that there 
is a greater tendency to produce hard-ended 
packages. In Fig. 4 the effect of increasing diameter 
on precision-wound packages is illustrated. 


a 


14 Winds 
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The yarn supply and its position, speed of 
winding, winding tension, and the pressure of the 
package on the winding drum all play an 
important part in the build of the package, and 
various devices are available for adjusting their 
effects in order to increase the possibility of 
producing packages which are regular and of even 
density. 

If the yarn tension and any fluctuations in it can 
be reduced to a minimum, softer and more even 
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packages can be prepared at higher speeds. The 
unwinding accelerator consists of a small metal 
cone which is inserted into the path of the yarn, 
reducing ballooning and consequently the yarn 
tension. 

A relief-weight system is available which 
decreases the pressure of the package on the 
grooved cylinder as the diameter of the package 
increases. 

It is possible that on, say, each third or fourth 
successive layer coincident wraps of yarn could be 
formed. In order to prevent such an occurrence, a 
yarn-layer displacement device is fitted which 
continuously displaces the grooved cylinder. 

The “soft pressure’ attachment for precision- 
winding machines provides accurate control of 
tension and distributes pressure evenly over the 
full length of the package. Despite the efforts of 
winding-machine designers to minimise the effects 
of hard ends of a package, it is still possible to find 
that the density appears to be greater there. A 
corner-rounding machine minimises this difficulty, 
which can affect the levelness of dyeing. 

In contrast to other package-winders, the 
rocket winder employs a principle whereby the 
yarn traverses from the inside to the outside of the 
package over a distance of approx. 18 in., which 
mitigates any adverse effect of unlevelness of 
dyeing. Fig. 5 shows diagrammatically the 
production of a rocket on the Delerue Rocket 
yarn-package winder. 

These general principles and the attachments 
devised for the production of soft-dyeing cones, 
cheeses, and mock-cakes have proved an ideal 
foundation on which to construct specialised 
machinery designed for the processing of bulked 
fibres. 

Modern reeling machines give cross-wound 
hanks which produce suitable muffs for dyeing. 
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Over-feeding devices are utilised to ensure that 
there is little tension as the yarn is taken up. 
Patent applications have been made for special 
devices for producing packages in which high-bulk 
yarns can be adequately dyed with regularity of 
bulking. 
Obviously it will rarely be possible for a single 
kage dyer to produce all types of packages. 
evertheless, it is advisable that he prepares his 
own packages. Package dyers therefore tend to 
specialise, and the shape and density of their 
packages will depend entirely upon the counts or 
deniers of the different fibres. For cotton, a density 
of about 300 g/l. is advisable, for wool about 350, 
and for Courtelle 275. Table I gives the density of a 
number of packages which have been adequately 
dyed on cones. 


Taste I 
Fibre Quality Density (g/1.) 
Cotton Combed 305 
Combed 304 
Combed 290 
Combed 275 
Combed 324 


Cotton/rayon Perro 
Rayon Ruffray 
Nylon Spun 
Cotton/nylon 90/10 
Wool Worsted 


Courtelle 1/368 Worsted 265 
2/308 Worsted 290 


Performance of the Liquor-circulating 
Pumps 


The main components of package-dyeing equip- 
ment consist of a main dyeing chamber, circulating 
pump with reversing device, and sometimes an 
expansion tank; the equipment is thus relatively 
simple, but its manipulation calls for the traditional 
skill of the dyer. Success or failure depends to a 
large extent on the uniformity of the distribution 
of liquor flow through the packages. 

Despite the emphasis that has been laid on the 
construction of a package of even density, it is 
natural to assume that the shape of the package will 
have some bearing on the pattern of the liquor flow. 
Rate of liquor flow is difficult to measure 
accurately, but interesting experiments have been 
recorded! in which an analogy is drawn between 
Darcy’s Law for the flow of fluids through porous 
beds and Ohm’s Law of electrical conductivity. 
Cheese-shaped packages of regular construction 
are shown to be ideally suited to uniform liquor 


flow. 


Another attempt has been made to establish 
the ideal conditions for dyeing packages by 
establishing a relation between their permeability 
to liquor and to air and then determining their 
resistance to the flow of air*. Specific perme- 
abilities for various shapes of packages can thereby 
be calculated and theoretical explanations of the 
extensive effects of small changes in shape obtained. 

Boulton and Crank *, using a theoretical model, 
have shown that production of level dyeings is 
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Fra. 6— Totally enclosed dyeing machine 
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Fie. 7— Open-type dyeing machine 


facilitated by high rates of liquor flow. Economic 


considerations, however, often limit the capacity of 
the machines installed, and the ingenuity of the 
dyer has to be brought to bear on the equipment 
which he operates. 

Earlier machines were of two types, closed and 
open; they are shown diagrammatically in Fig. 6 
and 7. The disadvantages of the open machine can 
readily be seen from Fig. 7; although it is possible 
to reverse the flow of the liquor, flow is being moti- 
vated in one direction only by the suction of the 
pump. In the reverse direction, i.e. from inside to 
outside, flow is ,btained by the pressure of the 
pump. This difficulty is overcome in the closed 
machine and equivalent pressures are obtainable 
in both directions. The pressure induced at the 
pump, however, is not necessarily indicative of the 
rate of flow. This is more accurately measured by 
the pressure drop across the package, and differen- 
tials of 4-5 Ib/in® have been shown to be adequate. 

Much argument arises amongst practical dyers 
as to the best direction in which to direct the 
liquor flow. A simple theoretical examination 
favours pumping from outside to inside. Fig. 8 
shows the cross-section and elevation of a dyeing 
package. Assume that liquor flows at a rate V 
(in*/min) from inside to outside. The linear rate of 
flow past any point A distance r from the centre will 
be V/2zrl, where I is the length of the dyeing 
column. The linear rate of flow is thus inversely 
proportional to the distance from the centre, and 
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Fie. 8— Top elevation and side elevation of package 


the amount of liquor coming into contact with a 
given point in unit time varies accordingly. If 
the dye is taken up at the same rate throughout 
the package, it is clear that the concentration at A 
will be lower than the concentration at B and un- 
even dyeing may result because the rate of flow 
is also decreasing. On the other hand, when the 
flow is in the reverse direction (outside to inside) 
these two factors are in opposition and more even 
dyeing should result. 

This examination assumes, of course, that no 
movement of the packages or other changes take 
place during dyeing, but it is an observed fact that 
the packages contract under the pressure of the 
flow. Variations in the extent of contraction could 
account for the widely differing opinions which 
package dyers hold about the advisability of a 
particular type of flow (in to out; out to in). The 
difficulties encountered with various fibres are 
often overcome by alternating the two types of 
flow, as indicated in the dyeing recipes given later. 

The limitations of the centrifugal pump are well 
known and the reduction in pressure at the 
temperature of the commercial boil has for a long 
time proved a disadvantage to the dyer when cer- 
tain types of dyes are bemg used. To some extent 
this defect has been eliminated by the introduction 
of pressurised dyeing machines for the dyeing of 
synthetic-polymer fibres, and greater efficiency can 
now be attained. 

Recently axial-flow pumps have been introduced 
into package dyeing machines, and some operating 
difficulties have been overcome since they are 
directly reversible and abolish the need for 
reversing valves with all the attendant bends and 
pipings. The efficiency for the same power of 
motor is thereby increased and an additional 
contribution to the solution of the level-dyeing 
problem has been made. 

Whatever the shape of package being processed 
(cones, cheeses, rockets, mock-cakes, and some 
types of muffs), the packages are loaded on 
spindles mounted on a carrier which is removable 
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from the main kier. It is essential that there 
must be flow only directly through the packages 
and that it is eliminated from all the spaces 
between packages. Various methods are intro- 
duced in order to direct the flow. Some cheeses 
are loaded so that they make a complete column 
of yarn on each spindle, but they are then subject 
to so much pressure that it is not unusual for 
an excessive reduction in traverse length to 
result. To prevent this others are wound on springs 
and have devices that retain the origina! traverse 
length. Cones have individual metal separators or 
intermediates between each package. Muffs of 
nylon processed by special techniques are often so 
irregular in shape that they have to be packed 
“brick” fashion in an annular perforated cage in 
order to obtain satisfactory levelness of dyeing. 


Properties of the Dyes 

It should hardly be necessary to reiterate that 
the dyer’s task can have been either made or 
marred by the technologists who are responsible for 
preparing the packages or the engineers who control 
the performance of the pumps; even if these aspects 
are satisfactory, the dyer’s task is only just 
beginning and has many attendant problems. 


The quality of the water used varies greatly with 
the district in which the dyehouse is located. Whilst 
many types of dyeing will be affected by the 
hardness of the water and the impurities in it, the 
package dyer is faced with high Hazen values and 
bacteriological content; as his package forms a 
perfect filter medium, it is not unusual to find 
deposits of algae or other impurities on the inside 
or outside of it. 


It is usual to give packages a wet treatment 
before the dyeing process. The solution often 
contains some of the dyebath auxiliaries in order 
to present surfaces of equivalent condition to 
the circulating dyes. Such wetting-out processes, 
however, have to be adjusted for different fibres; 
theoretical and experimental studies have been 
made of the swelling action, resistance due to 
surface tension, compression of the air in the yarn, 
yarn count, rate of flow, static pressure, temperature, 
and types of wetting agents in an effort to establish 
the most suitable conditions ‘. 


The effect of foam produced by the introduction 
of wetting agents and other dyebath assistants 
has recently been investigated by Hadfield and 
Lemin 5; much useful information on the package 
dyeing of wool has been presented which is relevant 
to other types of package dyeing. 


The properties of the dyes are described in the dye 
manufacturers’ technical publications. The pack- 
age dyer, however, has a much more limited field 
than most other dyers. Suitability for package 
dyeing implies adequate solubility or dispersibility 
and exceptional purity, as well as good level- 
dyeing properties. Deposits of undissolved dye or 
undispersed pigment or impure diluents (e.g. 
impure Glauber’s salt) are frequently found on the 
packages and spoil what would otherwise be 
perfectly level dyeings. 
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A wide choice of different brands of the same 
dye is often available, e.g. of vat dyes. None of 
them contains any magic formula for level dyeing, 
and choice is often made (except in the case of 
dispersion processes) on the basis of the physical 
properties of non-dusting, ease of storage, and so 
on, rather than the particle size. (It has been 
shown that at vat-dyeing temperatures the dye 
in the leuco form appears to be unimolecular and 
fully dissociated *.) 


Representative Dyeing Procedures 
It would be impossible to discuss fully all the 
refinements which the package dyer introduces 
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into his recipes in order to produce level dyeings. 
They are all designed to slow down the rate of 
strike or improve the migratory properties of the 
dye, and the claims for the introduction of special 
levelling agents are manifold. Much can be 
achieved by careful control of temperature and 
dyebath conditions. It may be of value to illustrate 
from actual recipes the methods which have been 
successfully used in the package dyeing of yarns 
with dyes which are normally considered to be 
difficult to apply, either because of the difficulty of 
producing level dyeings or because of unsatisfactory 
fastness properties. 


Vat Dyes on Corron 


Vat Green 


(a) Bleach with peroxide 


Cotton: 400 Ib (181-6 kg) 


Liquor ratio 10: 1 
Li flew 
In to Out Lh 


6 pints (3-40-1.) Sodium silicate J81 (41-6° Bé) 
6pints (3401) NaOH 100°Tw (48° Bé) 


(6) Cold wash and warm wash 
(c) Dye by leuco method at 112°F 


In to Out 5 min 
Out to In lh 


3 oz 12 drm (106 g) Caledon Jade Green XN 1000% (ICI) 
14 drm (24-8 g) Paradone Yellow GC 360% (LBH) 
25 pints (14-201) NaOH 100° Tw 
20lb (907kg) Sodium hydrosulphite 
10Ib (454kg) Glue powder 


(d) Vacuum extract until fully oxidised 
(e) Cold wash and warm wash 
(f) Soap boil 


In to Out 5 min 
In to Out 15 min 


Azoic Dyres on Corton 


Azoic Red 


(a) Boil out with Teepol (sulphonated fatty alcohol) 
(b) Cold wash 


(c) Impregnate 
2ib60z (1-08kg) Brenthol BN (ICI) 
3 pints (1:701.) Azomel A (ICI) 
10 pints (5-68 1.) NaOH 100° Tw 
20lb (9-07kg) Sodium chloride 


(d) Vacuum extract lightly (1 min) 
(e) Sodium chloride (20 Ib) (9-07 kg) wash 
(f) Vacuum extract (1 min) 


Cotton: 100 Ib (45-4 kg) 


Liquor ratio 10: 1 
In to Out 10 min 
In to Out 2 min 


Out to In 10 min 
{nto Ox 10 min 
Out to In 10 min 


1 min each way for 2 min 


5 min each way for 30 min 


Into Out 2min 


(g) Developing 
2lb8o0z (1-13kg) Brentamine Fast Scarlet G Base (ICI) 
4 pints (2-271.) Azopol A (ICI) 
4 pints (2-271) HCl conc. 
llb 402 (567 g) Sodium nitrite 
1} pints (852 m) Acetic acid 80% 
(h) Cold wash 


(i) Boil with soap 
(j) Boil with Albaclin WL (DH) (detergent) 


In to Out 15 min 
In to Out 10 min 


Reactive on Corron 


Pale Blue 


Cotton: 350 Ib (158-9 kg) 


Liquor ratio 10: 1 
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1 Ib l oz 
104 oz 
200 Ib 
2 pints 


Reactive Dyes on CoTrron—continued 
Dye cold to 140°F (in 30 min) and maintain there 


Out to In (6 min) for 1¢h 
In to Out (4 min) 
(482 g) Remazol Brilliant Blue R (FH) 
(298 g) Remazol Turquoise Blue G (FH) 
(90-7 kg) Sodium chloride 
(1-:141.) NaOH 100° Tw 


Cold wash with acetic acid In to Out 5 min 


Warm wash 


Boiling soap and Irgavel 8 (Gy) (lubricant) In to Out 15 min 


Acip Dyes on Woon 


Wine Wool: 350 Ib (158-9 kg) Liquor ratio 10: 1 
Liquor flow 
Circulate auxiliaries 1 min each way for 10 min 
Raise temperature and introduce dye at 120°F 
6pints (3-401) Univadine W (Ciba) 
15lb (680kg) Cyanine Fast Red 3GP (LBH) 
6 pints (3-40 1.) Acetic acid 80% 
30lb (13-6kg) Glauber’s salt (anhyd.) 
Raise to boil (2 deg F rise/min) 
Boil 
Extract 
Warm wash at 140°F with Irgavel 8 (Gy) 


In to Out 40 min 
In to Out’ 45 min 


In to Out 5 min 


Reactive Dyges on Nyton (Murrs) 
Leaf green Nylon: 60 Ib (27-24 kg) Liquor ratio 17: 1 
Liquor flow 
Boil out with Lissapol N (ICI) In to Out 10 min 
Dye with— 
2lb (907 g) 
(340 g) 
3pints (1-701) 
(227 g) 
Start cold 
Raise to boil 
Boil 


Soap and soften with Irgamin TP (Gy) 


Procion Brilliant Yellow 6G (ICI) 

Procion Brilliant Blue R (ICI) 

Formic acid (85%) 

Irgasol DA (Gy) 
Out toIn 5jmin 
In to Out 30 min 


Out to In (5 min) , 
In to Out (5 30 min 


Dyes on CoTron 


Peacock blue Cotton: 80 Ib (36-29 kg) Liquor ratio 12:1 
Liquor flow 
Bleach (as for vat dyes) with addition of — 
1 Ib 6 oz (624g) Phthalofix FN (FBy) 
10lb = (454kg) Glauber’s salt (anhyd.) 
Wash twice with Glauber’s salt (10 Ib) 
Paste with— 
3lb = (1-36 kg) 
5 lb (2-27 kg) 
(6-81 kg) 
Set dyebath cold with— 
14 02 (397 g) 
14 Ib (680 g) 
13 Ib (794 g) 


In to Out lh 


Phthalogen Blue IF3GK (FBy) 
Levasol DG (dispersing agent) (FBy) 
Acetic acid (glacial) Stand for 20 min 
Emulsifier W (FBy) 
Aquamollin BCS (dispersing and levelling agent) (CFM) 
Acetic acid 80% Out to In (6 min) for lh 
In to Out (4 min) 
Vacuum extract 
Cold wash twice 
Develop with— 
3Ib (1-36 kg) 
(907 g) 
1 lb (454 g) 
Wash twice 


In to Out 5min 


NaOH 100° Tw 
Sodium hydrosulphite 
Naphthopan E (developer) (FBy) 


@) 
é 
(a) 
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(a) 
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(d) 
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Mopirtep Basic Dyes on CouRTELLE 


Dark grey 


Pretreat with— 


Courtelle: 60 Ib (27-24 kg) 


Liquor ratio 17: 1 
Liquor flow 


1/1000 Emulsifier OC (Ciba) 


1/1000 Sodium acetate 
Raise from cold to 170°F over 20 min 
Add 1/1000 acetic acid 80%, 
Dye with— 
13} oz 
12 oz 


(383 g) 
(340 g) 
2 Ib 10 oz (1-19 kg) 
2 lb (1-02 kg) 
Raise to boil (over 90 min, boil for 30 min) 


Sevron Red L (DuP) 


Cool to 140°F (over 20 min) 
Finish at 140°F with— 

6 pints (3-40 1.) 

2 lb (907 g) 


Azopol A (ICI) 


Presentation of the Package 

Having done his utmost to ensure that the 
package is adequately dyed, the dyer has still to 
see that the other essential property, its stability, 
is preserved. Upon his handling depends to a large 
extent the efficiency of the subsequent processes. 
At one time there was no alternative but to unload 
individual packages from the dyeing spindles 
and, after removing a large proportion of the 
moisture by hydroextraction, stack them in cabinet 
dryers so that hot air could be circulated around 
them. When it is realised that the packages were 
handled several times and were in contact with 
unfiltered air for long periods (20 h for cotton) it can 
be seen that the results were surprisingly good. 
Fig. 9 shows the rate of removal of moisture from 
packages in a typical cabinet dryer. 


weight 
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Fie. 9— Rate of removal of moisture in ee stove 
at average temp. of 200 


Spring 


Progress in this field has been very rapid, 
improvements in drying efficiency having been 
made in the port dryer (8 h), the pressure-extractor 
dryer (3 h), the semi-rapid dryer (2 h) to the rapid 
dryer (1 h), and some explanation of the principles 
of drying is necessary. 

Any drying process is based upon the principle of 
heat exchange; shorter drying times are obtained 
by the introduction of more heat energy. The heat 
energy is, however, proportional to the weight 


Deorlene Blue E5G (CAC) 
Astrazon Blue 3RL (FBy) 


Sevron Yellow 3RL (DuP) 


Alcamine extra (Allied Colloids) 


In to Out 20 min 


Out to In 10 min 
Out to In (6 mon 
In to Out (4 min) se 


In to Out 15 min 


of air. Four times the amount of heat energy can 
be fed to the packages by the same volume of air 
at 32 Ib/in*® as at atmospheric pressure. At 85 Ib/in? 
eight times as much heat energy is available as at 
atmospheric pressure without the need to increase 
the size of the blower. 
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Recker’ has established the effect of static 
pressure on drying times. Fig. 10 relates drying 
time to static pressure and quantity of air delivered. 
In this three-dimensional graph, drying time is 
measured vertically, static pressure horizontally, 
and amount of air per pound of cotton on the 
horizontal lines which give depth to the cube. 
The drying times are not reduced in the same 
proportion as the heat absorption capacity of the 
air is increased. At 2 atmos. and 21-2 ft®/min, 
2-2lb of yarn are dried in 43 min, whereas at 


() 
(c) 
(d) 
0 
= 
= 
| 
& 


Dec. 1961 


6 atmos. and 21-2 ft?/min the same quantity is 
dried in 15 min. 

Fig. 11 is a schematic diagram of a typical dryer. 
The yarn carrier is lowered into the drying 
chamber; the quick-acting lid closes in a very short 
time. The compressed air is turned on and the 
pneumatic gasket seals the lid. The compressed 
air valve is opened and within a few minutes the 
static pressure in the system rises to a maximum 


COOLER 


PACKAGE 


REVERSE 
FLOW TANK 


Fig. 11— Principle of static-pressure rapid dryer 


which is maintained throughout the drying 
operation. The blower is started and a rapid flow 
of air circulates through the packages from outside 
to inside. Much of the water in the yarn is 
“squeezed” out mechanically and entrained in the 
air which carries it to the condenser—water 
separator. 

Extraction takes 15-20 min and is mostly under- 
taken at full drying temperatures so that there is a 
gradual transition from mechanical extraction to 
pure evaporation. The moisture from the yarn is 
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carried away as steam to the condenser, where it is 
separated. 

The drying process is dependent to a large extent 
not only on the static pressure and air inlet 
temperature, but also on the air temperature at the 
outlet from the condenser and the flow reversal 
procedure used. Different fibres, different packages, 
and different dyes and finishes all have their 
individual effects upon the drying times. 

Frequently the dyed package requires no more 
attention than the replacement of the dyeing 
former by a suitable one on which to despatch the 
goods to the customer. In other cases rewinding on 
to tapered cones is necessary, and this gives the dyer 
an opportunity to assess whether the dyeing is 
completely satisfactory. In control methods, six 
test pads made from various parts of each dyed 
package or knitted swatches from cones from 
different positions in a batch are examined. 

Package dyeing has progressed to such an 
extent that not only is it used for coloured woven 
goods and jacquard knitting patterns, but also for 
solid double-jersey fabrics; perhaps only in the 
dyeing of yarn for gaberdine cloths or solid weft- 
faced fabrics does the technique stil) require 
perfecting. More experience and some experiment 
will ensure that package dyeing maintains its 
popularity in the future, yielding level dyeings of 
fast dyes on larger packages with adequate 
fastness. 

* a 
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Discussion 


Mr. D. Marian: Has Mr. Whittaker found in 
his experience that the use of two-way flow offers 
advantages over methods employing flow only 
from inside to outside? 

Mr. WuittakER: Two-way flow offers advan- 
tages over one-way flow in respect of all the 
limitations arising from hard packages, low rates 
of flow, and dyes with poor levelling properties. 

Dr. A. F. Kerress: Mr. Whittaker referred to 
the rubbing fastness of the dyed materials. He 
mentioned that the cheeses are air-dried immedi- 
ately after dyeing. Has it not been found 
essential to wash them with soap or other deter- 
gents to improve the rubbing fastness? 

Mr. WuirtaKer: A close study of the dyeing 
recipes outlined in the paper indicates that soaping 
aftertreatments are an integral part of the pro- 
cessing in package dyeing with fast dyes. After 
repeated treatments a stage is reached when little 


additional improvement in rubbing fastness is 
attained and further treatment becomes 
uneconomic. 

Dr. G. H. Crawsnaw: Mr. Whittaker mentioned 
the desirability of using large packages, and pre- 
sumably he would favour the rocket on grounds of 
size. A casual inspection suggests, however, that 
the tapered ends of the rocket package are not 
conducive to uniform liquor circulation and that 
its use might be restricted to dyes with good 
levelling properties. Could Mr. Whittaker enlarge 
on his experience with such packages! 

Mr. Wuirtraker: The size of the rocket 
packages certainly shows advantages of processing 
and handling but, as the questioner concludes, non- 
uniform liquor circulation is likely to arise at the 
tapered ends and special teehniques are employed 
to minimise it. Economic considerations as well 
as difficulties of ‘mending’ inside—outside variation 
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may prevent any rapid replacement of standard 
packages by rockets. 

Dr. J. K. Sxetty: Brief reference has: been 
made in the paper to the formers used for dyeing 
cross-wound packages. Have polypropylene or 
high-pressure polyethylene formers been considered 
for this purpose? 

Mr. Wuirtaker: Perforated polypropylene 
cones are in use as formers on which the packages 
can be wound directly. Claims made for their 
durability and efficiency have not been fully 
verified under continuous processing conditions. 
Special intermediates have also to be used, and 
where stainless steel formers are already in use the 
plastic formers offer little advantage. 

Dr. Sketty: When rapid dryers are used to 
dry packages, is there not a danger of over-drying 
in such closed systems! What steps can be taken 
to prevent this when a large load of cross-wound 
packages is being dried? 

Mr. Wairtaker: The dangers of overdrying 
in rapid high-presstire systems are no greater than 
in conventional dryers. The temperature of the 
air fed to the packages is controlled, as also is the 
outlet temperature of the cooling water, so that a 
minimum quantity of moisture can be maintained 
in the system; it is then impossible to over-dry 
the yarns. 

Mr. H. R. Haprrecp: In the paper Mr. Whittaker 


gives various examples of liquor fiow. Sometimes 


it is from out to in, sometimes from in to out. It 
would be interesting to arrive at a general principle. 
It is my belief that the deciding principle is the 


behaviour of the package during dyeing. With 
in-to-out flow, the dye liquor tends to expand 
the package and therefore to maintain the seal. 
With out-to-in flow, the dye liquor tends to com- 

ress the package and therefore to favour channel- 
Me If the package is very stable and there is 
little shrinkage, then the obvious advantages of 
out-to-in flow can be utilised, although it is my 
view that these advantages are much less than are 
generally thought. If, however, the package is not 
stable, in-to-out flow is to be preferred, as it is 
much more likely to maintain the seal than to gain 
whatever slight advantage may result from an 
out-to-in flow. 

Mr. Wairraker: Mr. Hadfield rightly con- 
cludes that the most suitable direction of flow is 
dependent on the stability of the package during 
the dyeing processes. This stability varies with 
the nature, count, and properties of the fibre and no 
general rule can be established. An ideal package 
of yarn could best be dyed from outside to inside. 

Dr. L. Zakarias: I am fully in agreement with 
Mr. Whittaker that the dyeing of cross-wound 
packages is, like dyeing in general, essentially a 
filtration problem. Accordingly the practical 
results could be generally and radically improved 
by consideration of my work on “‘Kolloidfiltration 
(Druckdialyse und Quellungsfiltration)’’ published 
in Kolloid-Zeitschrift, 37, No. 1, 50-58 (1925) and 
of the new collective chemical permeability laws 
and processes embodied in our patents BP 776,967; 
BP 825,002; and partly in BP 811,570 (centrifugal 
and compression dyeing machines, etc.). 
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In my paper published in 1925 I disclosed that, 
after the filter media had been moderately 
evacuated and then saturated in this vacuum with 
freshly boiled water, a permanent improved 
filtration effect was achieved, even after the 
vacuum had been released, whereas previously the 
filtration velocity was low and very irregular. The 
velocity was increased ten-fold. This evacuation 
method is now protected for dyeing and washing 
fabrics. 

I also found that the velocity of filtration falls 
proportionately if a plurality of plastic film layers 
of uniform density is built up, similar to the 
packages described by Mr. Whittaker. According 
to the British patents mentioned above, the 
filtration velocity and dyeability of a plurality of 
extensible textile layers are greatly increased, and 
can be further increased by increasing slightly the 
pressure or temperature or by swelling agents, if 
each successive layer (at least three layers) has 
increasingly higher permeability. The theoretical 
background to this work was described by Margit 
J. Zakarias in Practical Colloid Chemistry, October 
1959. I should like the lecturer to extend his 
investigation accordingly. 

Mr. Wuirraker: It has been illustrated prac- 
tically that the principle of evacuation of the 
packages at the commencement of processing 
noticeably improves the efficiency of the wetting- 
out processes, but the cost of incorporation of the 
necessary equipment on conventional machinery 
would appear to be prohibitive. Further con- 
sideration of the permeability laws might enable 
beneficial results to be obtained in package dyeing. 

Mr. J. Bovutron: Mr. Whittaker has made 
reference to the theoretical package-dyeing model 
of Boulton and Crank and has drawn attention to 
one of the predictions of this model that level 
dyeings are encouraged by high rates of liquor flow. 
Armfield, Boulton, and Crank (J.s.D.c., 72, 278 
(1956)) showed that the predictions from this 
model were correct and a very important one was 
that the lowest practicable volume ratio was 
advantageous and that, e.g., a 6-volume dyeing 
was always more level than a 20-volume dyeing. 

Mr. WuirtaKER: Confirmation of the effect of 
liquor ratio arises from the package dyers’ oft- 
repeated requests for the preparation of a lot of 
small packages rather than a few large packages 
when dyeing small sets in long liquor. It is more 
difficult to dye standard packages at 20:1 than at 
75:1. 

Mr. P. 8. Bexecuine*: The behaviour of the 
cake in acting as a filter to the dye seems to be a 
major problem only if the yarn is actually dyed 
to differing intensities. Can yarn sizing reduce 
the rate of uptake and so assist in levelling? 

Can surface-active materials assist in helping the 
dye particles not actively dyeing the first area of 
yarn approached to slide over the yarn surface and 
so avoid being trapped by the yarn filter? 
Materials having these effects might assist smoother 
dyeing throughout the cake. 

Mr. WurrrakeEr*: Various auxiliaries are utilised 
to disperse further the dye particles which might 
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be filtered out by the package. Animal glue has 
long been utilised for retarding the uptake of vat 
dyes to assist levelling. There does not seem to 
be any evidence that the mechanism includes the 
sliding of the dye particles over the yarn. 


Mr. T. Franacan*: Does the very rapid 
drying rate cause shrinkage differences within the 
package, which, in turn, could cause tension 
differences in the cloth? 


Mr. WuHITTAKER*: No adverse effects of uneven 
shrinkage have been experienced, although it is 
possible that unstable packages would be distorted 
during drying, with the result that setting of the 
fibres in some places could occur. These variations 
would show in the fabric produced. 


Mr. Fianacan*: When vat-dyeing  cross- 
wound packages, does the pigmentation process 
offer any advantages over the leuco method? 

Mr. Wuirtaker*: Our observations indicate 
that the process of pigmentation gives unlevel 
deposition of dye, the extent of which is distinctly 
decreased by the subsequent reduction and oxida- 
tion. There is little doubt that dye deposited on 
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a particular part of the package during pigmenta- 
tion is finally fixed on a different part. It would 
appear that problems of obtaining a level pig- 
mentation of the package are as great as those 
—s to the leuco dye. 

. FuanaGan*: Has Mr. Whittaker had any 
success with dyeing the cold-dyeing reactive dyes 
by the hot bicarbonate method? 

Mr. WuirrakER*: In view of the very poor 
results which this method yields on cotton yarns 
we have not used it for the cold-dyeing reactive 
dyes. 

Mr. R. L. Jongs*: Has Mr. Whittaker any 
experience of the sponge-core method of dyeing as 
applied to synthetic-fibre yarns, and if so what 
hardness (°“Shore) would he recommend for the 
wound packages?! 


Mr. Wuitraker*: Earlier attempts to dye 


bulked yarns on soft formers which allowed for 
shrinkage have been superseded by the special 
winding techniques to give packages which, when 
ga preserve the characteristics required. 
No recommendation can therefore be given for 
sponge-core techniques. 


* Communicated 
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FRIDAY MORNING, 22nd SEPTEMBER 1961 
Chairman— Mr. R. K. Fourness 


Application of Vat Colorants to Courtelle and its Blends with 


Cellulosic Fibres 
R. J. Hannay and others 


The development is described of a method for the application of vat dyes by a resist technique to 
febries containing acrylic fibres. Satisfactory resist prints were obtained on 100% Courtelle and on 
Courtelle—cellulosic fibre fabrics in which the Courtelle content was 50-66%. Under the conditions used, 
a two-stage padding process was found to be preferable to a sing/a-stage one in the production of the 
vat-dye ground. Although satisfactory white resists could be obtained, it was not possible to produce 
coloured ones on blend fabrics. Preliminary work on the extension of the method to dyeing is described. 


The coloration of fabrics made from synthetic- 
polymer fibres so as to yield maximum all-round 
fastness has presented a number of problems to the 
textile dyer and printer. These problems have 
been overcome to a certain extent by the develop- 
ment of new techniques and new dyes specially 
prepared for application to these fibres, but there 
still remain practical problems connected with 
individual types of fibre which are by no means 
completely solved. 

The work described here originated as a result 
of enquiries about a practical method of producing 
discharge prints on fabrics of acrylic fibres and of 
blends of acrylic fibres with cellulosic fibres. The 
range of dischargeable dyes available for the dyeing 
of acrylic fibres is strictly limited and, even when 
suitable dyes are found, the hydrophobic nature of 
the fibre raises practical difficulties in ensuring 
complete discharge of the dye. In addition, many 
of the decomposition products produced in dis- 
charging the dye still have an affinity for the fibre, 
which makes their removal very difficult. It is, 
therefore, almost impossible to be sure that 
repeatable results showing a good white discharge 
will be achieved. 

Two methods are available for the production of 
similar effects— blotch printing and resist printing. 
The former method can yield satisfactory results 
with certain types of patterns, but with others the 
results are not so good, and for fabrics containing 
cellulosic fibres, in addition to acrylic fibres, it is 
very difficult to achieve, by the direct print-on 
technique, results which will show high all-round 
fastness. 

These considerations led us to believe that the 
desired results would best be achieved by a resist 
technique. The fastness properties of vat dyes on 
acrylic fibres are exceptionally good, and in direct 
printing satisfactory results can be obtained by the 
normal alkaline sulphoxylate technique; on cellu- 
losic fibres, good resists can be obtained under vat 
dyes by using Leucotrope O (Br). It was therefore 
considered that such a system was well worth 
investigating in connection with the coloration of 
fabrics containing acrylic fibres. 

Commercial Leucotrope O is not a particularly 
pure product and has a rather objectionable smell 
which makes its use in the colour shop and print 
room unpleasant. The first problem, therefore, was 
to find a resist agent which would be satisfactory 
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for use in the works with vat dyes and which would 
overcome the objections to the application of 
Leucotrope O. A series of experiments was con- 
ducted with a variety of quaternary ammonium 
compounds, and several of these were found to be 
capable of producing excellent resists; in addition, 
they were odourless and convenient to handle. We 
finally selected one of these compounds as being 
the most suitable and carried out laboratory 
experiments into the printing of this resist followed 
by the padding of the printed fabric with vat dyes 
and subsequent fixation by means of a steaming 
process, the method used being an adaptation of 
the pad-steam process of vat dyeing. 

This work threw into relief several practical 
problems, some of which were already familiar and 
others new. The familiar problems were those 
relating to the production of solid level dyeings by 
the pad-steam process, whilst the new problems 
were concerned mainly with the preparation of a 
suitable print paste for the application of the 
resist. Our attention was first focused on the 
latter problems, which were connected with the 
incompatibility of a cationic resist with the normal 
thickening agents used in printing, which are 
largely anionic in character. Thus it was found 
that starch, natural gums, and even a number of 
the newer modified starches gave printing pastes 
which separated on standing, or in which the 
thickening material or the resist agent, or both, was 
quickly thrown out of suspension or solution. In 
some cases, even when no obvious separation or 
precipitation took place, the physical charac- 
teristics of the printing paste were altered in such 
a way as to give poor furnishing properties, 
resulting in poor resists. 

So far we have been unable to find a thickening 
agent which is cationic in character, but an 
examination of several non-ionic thickening agents 
indicates that a suitable choice in this range would 
produce a printing paste which is stable and has 
satisfactory printing properties when the resist 
agent is incorporated in it. The thickening agent 
which we used in our own experimental work and 
which gave satisfactory results was Natrosol 250 
Low (Hercules Powder Co.), a non-ionic etherified 
starch. The print paste exhibited a certain tendency 
to foam in the colour box owing to the mechanical 
action of the furnishing roller, and this could result 
in unsatisfactory prints. However, the difficulty 
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was overcome by the introduction of a small 
proportion of a silicone anti-foaming agent. 

Experiments carried out on a works-scale roller- 
printing machine, as well as with screens, indicated 
that very satisfactory resist prints could be 
obtained by the above technique on fabrics com- 
posed of 100%, Courtelle, and on blends of Courtelle 
and cellulosic fibres in which the Courtelle content 
varied between 50 and 66%. 

Our attention was then turned to the production 
of the vat-dye ground on the printed fabric. It 
was decided that, in order to maintain sharpness of 
definition of the print and maximum resist effect, 
it would be preferable to adopt a single-stage 
padding process with a liquor containing vat dye 
and alkaline reducing agent, rather than a two- 
stage process of pigment padding followed by 
padding through a fixing solution. Experiments 
on the single-stage process showed that excellent 
resist effects could be obtained, but there was 
always a danger of producing meally or uneven 
results owing to the instability of the vat dye 
dispersion in presence of large quantities of 
electrolytes. This is a problem which has been 
presenting difficulties for some considerable time 
in ordinary dyeing techniques, and to the best of 
our knowledge has not yet been fully overcome, 
but there is no doubt that if it could be overcome, 
the single-stage padding procedure would give the 
greatest sharpness of definition of the print. On 
the other hand, a single-stage process produces 
considerably more wastage of chemicals (reducing 
agent and alkali) in cleaning out and washing down 
when changing colours, since in a_ two-stage 
padding process the same fixing bath can be used 
for a continuous run, including a variety of 
ground colours. The two-stage process also has 
the advantage that, when steaming takes place 
without intermediate drying, continuous running 
can be achieved in the steamer, thus saving time, 
labour, and steam. 

Since good results in colour yield and fixation 
are obtainable by the pad-steam process, the 
possibility was not overlooked of using this 
technique as a straight dyeing procedure for 
acrylic fabrics, and this aspect will be dealt with 
later. 

The next stage consisted of a series of experi- 
ments on the two-stage padding process, in which 
the printed cloth was padded with a dispersion of 


Caledon Yellow 5G (Paste) (C.I. Vat Yellow 2) 
Cibanone Golden Yellow FGK (Paste) (Ciba) 
Ciba Blue 2B (Paste) (C.I. Vat Blue 5) 
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both of 100%, Courtelle and of Courtelle—Fibro 
blend (67/33), were processed by this technique. 
The actual method was as follows. 


The grey-state cloth was first de-sized in a 
winch with a 1:5°% malt solution for 30 min at 
60°C and then scoured for 30 min at 40°C in a 
solution of 0-5°, Lissapol N (ICI) to which had been 
added 500 p.p.m. of 80%, acetic acid to ensure that 
the cloth was not dried under alkaline conditions. 
After being scoured, the cloth was rinsed well in 
clean water; it was then festoon-dried and steamed- 
off on a clip stenter. A stock solution of printing 
thickening was prepared by sprinkling 10 lb of 
Natrosol 250 Low into 5 gal of cold water whilst 
stirring, and leaving the mixture to stand over- 
night. The print paste had the following com- 
position— 

Weight Composition 
(Ib) (%) 
Natrosol 250 Low 37-5 50 

(Hercules Powder Co.) 

(20% stock solution) 
Arquad 16/50 (Armour Hess) 
Sileolapse 437 (ICI) 


30-0 40 
(14 ml— ice., 
400 p.p.m.) 
Water 


The silicone anti-foaming agent was carefully 
diluted with 227 ml (0-51b) of water, and this 
emulsion was stirred ifito the thickening. The 
remainder of the water was added, and finally the 
resist. The prepared print resist was printed on 
a roller-printing machine with a crush roller 
following the printing roller, using a printing paste 
in the colour box of the crush roller made by 
diluting the above Natrosol 20°, stock solution 
with an equal volume of water. The use of a crush 
roller gave excellent penetration and helped to 
minimise any risk of marking-off during the 
padding treatment. After being printed and 
dried, the material was then pigment-padded with 
a paste of dispersed vat dye containing 1% of 
Indalea UBV (Cesalpina). This was prepared by 
stirring 5 lb of Indalea UBV into 10 gal of water 
at 40°C, the mixture being stirred for a further 
2h and then strained. 20° of this solution was 
added to the padding bath. 


Pigment-padding baths were made up to a total 
weight of 50 lb as follows— 


Weight of substance (Ib) 


1-5 


Durindone Printing Scarlet YS (Paste) (C.I. Vat Red 45) 3 


Ciba Printing Black FTL (Paste) (Ciba) 
Water 

Indalea UIBV (Cesalpina) 

Sodium carbonate (anhyd.) 


vat dye, dried, padded with a solution of alkaline. 


reducing agent, and then steamed for 12 min in a 
festoon steamer without intermediate drying. A 
more level and better ground was achieved than 
with the single-stage process under the particular 
conditions used, and a number of lengths of cloth, 


i 
34:5 36 34-5 34:5 36-5 
10 10 10 10 10 
2-5 2-5 2-5 2-5 2-5 


The padding liquors were prepared as follows. 
The sodium carbonate was dissolved in 20 lb of 


water. The remaining water was used to dilute 
the pigment paste, this mixture was stirred into 
the thickener, and the solution of carbonate was 


filtered in. The printed cloth was padded (1 nip) 
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through a mangle with neoprene bowls (top and 
bottom) to give as high a pick-up as possible. The 
actual pick-up was not determined, but was 
probably in the region of 60-80%, on the 100% 
Courtelle and 80-100%, on the Courtelle—Fibro 
blend. The padded cloth was passed through a 
pin stenter running in series with the mangle, and 
dried at a temperature of 135°C (275°F). After 
being dried, the cloth was again padded through a 
single-nip padding machine, the bottom bowl of 
which was metal and the top bowl hardened 
rubber, the cloth being padded face down. The 
padding liquor had the following composition— 


Formosul (Br) 12-5 lb 
sodium carbonate 10-0 Ib 
sodium sulphate (cryst.) 8-0 Ib 


water to bulk of 10 gal 


The padding mangle was immediately in front of a 
festoon steamer, into which the padded cloth was 
continuously fed, the duration of steaming being 
12 min at 100-102°C. After being steamed, the 
cloth was oxidised in a winch in a solution con- 
taining 

hydrogen peroxide (20 vol.) 

acetic acid (80%, ) 


the treatment being continued for 15 min at 98°C, 
after which the bath was slowly cooled to below 
70°C. The cloth was then washed in a bath con- 
taining 0-2°% Lissapol N for 30 min at 98°C; the 
bath was allowed to cool from 98 to 70°C, and was 
then cooled to 40°C by flooding-off, the cloth finally 
being rinsed in clean water. The 100% Courtelle 
was given a softening treatment in the winch with 

% (on wt. of cloth) of Alcamine Extra (Allied 
Colloids) at a liquor ratio of 40:1 for 20 min at 
45°C. The cloth was hydro-extracted without 
being rinsed, and then dried. 

Although white resists can be produced by the 
above method, no suitable dyes have yet becn 
found which will enable coloured resists to be 
produced on fabrics made from blends of Courtelle 
and cellulosic fibres. A limited number of basic 
dyes which are resistant to reducing agents and 
which have affinity for Courtelle gave promising 
results on 100% Courtelle fabric. Multicolour 
effects can be produced on both types of fabric by 
printing ordinary vat dyes in full depths on top 
of the ground, in conjunction with the white resist 

rint. 
r The speed of dyeing and the ground colours 
obtained suggested, as previously mentioned, that 
this might be a useful method for dyeing these 
types of fabric; dyeing experiments have been 
carried out using the two-stage process. The 
advantages of this technique over present methods 


0-5% 
0-15% 


Mr. H. B. Hatitows: Could leuco esters of vat 
dyes be used for the production of ground colours 
in order to overcome some of the difficulties met 
with single-stage padding with vat dyes! Might 
this not facilitate the production of solid colours 
on Courtelle—cotton? 


Hannay et al.— APPLICATION OF VAT COLORANTS TO COURTELLE 


Discussion 


IS8.D.C. 77 


are the very high, all-round fastness of the finished 
dyeing, the retention of the excellent handling and 
draping properties of the finished fabrics, and the 
short processing time, which should offer con- 
siderable saving in production costs in comparison 
with the much longer times of dyeing that are 
usually required for the production of dyeings 
employing basic and disperse dyes on 100%, 
Courtelle, or these dyes in conjunction with dyes 
for cellulose on blended fabrics. In addition, vat 
dyes will cover both cellulosic and acrylic fibres in 
blended-fibre fabric, whereas at present two 
entirely different types of dye are required to pro- 
duce solid dyeings on such mixtures. 

A preliminary examination of the range of vat 
dyes does indicate, however, that certain dyes will 
colour the acrylic fibre more deeply than the 
cellulosic one, some act in the opposite manner, 
and others give a fairly solid dyeing. The 
classification of dyes for this purpose is a long 
and laborious task and is one which is really 
in the field of the dye manufacturer, but the 
general indications from the limited amount of 
work which we have done on this aspect of the 
problem are that, in general, the indigoid and 
thioindigoid dyes colour the acrylic fibre to at least 
the same depth as the cellulosic fibre, whereas the 
anthraquinone vat dyes colour the cellulosic fibre 
considerably deeper than the acrylic fibre; there 
ate, however, certain exceptions to this broad 
classification. 

The results of this work are presented in the 
hope that they will be of sufficient interest to the 
dyeing and printing industry to warrant further 
development, as the advantages of the successful 
application of such a technique on a large scale 
would appear to offer considerable attractions in 
the processing and handling of these materials. 


* * * 
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Mr. Hannay: We did not examine the leuco 
esters of vat dyes. It is possible that these could 
be applied by a pad-steam process but, in general, 
they are still much more expensive to use, par- 
ticularly for medium and full depths, than the 
ordinary vat dyes. For this reason the work 
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described in the paper was confined to the evolution 
of a suitable technique for the application of vat 
dyes as such to acrylic fibres and their blends. 

Mr. F. W. Bett: Did the authors experience 
contamination of the reducing bath by the resist, 
particularly in prolonged runs? 

Mr. Hannay: In our work we did not 
experience contamination of the reducing bath by 
the resist, but so far we have had no experience of 
prolonged runs. It is felt that the problem of 
contamination could be avoided fairly easily by 
the design of a suitable padding mangle which had 
a feeding box of comparatively small liquor content, 
so that there would be a continuous feed-in of 
fresh liquor. This problem is one which arises in 
other padding applications and, generally speaking, 
does not present great practical difficulties. 

Dr. A. Wirz: When we were studying the 
printing of acrylic fibres with basic dyes we wished 
to reduce the steaming time*necessary to develop 
the colour. With this object in view we developed 
an agent, Glyecin PFD, which might be of interest 
for certain acrylic mixtures, e.g. Courtelle—viscose 
rayon, when printing with selected vat dyes. 
Glyecin PFD has not, however, shown any special 
advantages when applied in normal dyeing pro- 
cesses. 

Mr. Hannay: We thank Dr. Wiirz for his 
suggestion that the product Glyecin PFD might 
offer advantages in the application of basic dyes as 
illuminating colours in producing coloured resists 
by this process, and will certainly be pleased to 
carry out experiments to test this (see later). 

Mr. The problem of producing 


HANNAyY*: 
coloured resists under vat dyes by this particular 
technique is complicated because several factors 


have to be taken into consideration. As these 
have not been mentioned in any detail in the paper 
it is felt that some further statement of these 
difficulties would be of value. In the production 
of a coloured resist the following points must be 
borne in mind— 

(a) The dye used must be resistant to the 
reducing action of the alkaline sulphoxylates used 
for fixing the vat dye, which immediately restricts 
the number of possible dyes to a rather limited 
range. 

(6) When blends are being processed, the 
dyes used must be capable of being fixed both on 
the acrylic fibre and on the cellulosic fibre, which 
again further limits the choice of suitable dyes. 

(c) The dye used must be compatible with 
the cationic resist, which constitutes a further 
limitation. 

A consideration of these three points suggested 
that basic dyes, which are resistant to the reducing 
action of sulphoxylates and which are known to 
have an affinity for acrylic fibres, would be suitable, 
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and experiments were carried out with selected 
dyes. These experiments threw into relief a 
further problem, namely, that there was com- 
petition for the dye sites in the acrylic fibre between 
the dye and the cationic resist, with the result that 
the yield of basic dye on the acrylic fibre was 
greatly reduced compared with that obtained when 
no resist was present. In addition, the cationic 
resist, in conjunction with the alkaline reducing 
solution through which the material was sub- 
sequently padded in the fixing of the vat dye, 
seemed to act as a catalyst and tended to discharge 
a number of basic dyes that normally were 
resistant to the reducing effect of sulphoxylates, 
with the result that near-white resists were 
obtained instead of coloured ones. This seems to 
link up with the known technique of discharging 
dyes that are difficult to discharge with straight 
sulphoxylates by the addition of certain cationic 
agents, e.g. quaternary pyridinium compounds. 
It was therefore felt that a further possibility 
should be investigated, namely, the use of resin- 
fixed pigments, as a number of these have been 
used for producing coloured discharges on dyed 
grounds on cellulosic fibres with reasonable 
success. Several suitable pigment-printing com- 
positions were studied and it was found that, 
although the dyes themselves were not destroyed 
in the process, the resin binders had affinity for the 
vat-dye ground, with the result that the resist 
effect. was spoiled. 

The above results demonstrate how complicated 
is the problem of coloured resists; we have not yet 
been able to overcome the difficulties experienced. 
In spite of this it is possible to obtain multi- 
coloured prints by using the white resist in con- 
junction with ordinary vat dyes printed on top of 
the ground colour. Such a technique will, of 
course, be applicable only to pale and medium 
ground depths where the print-on colour will lift 
well above the ground. 

Since the paper was presented we have carried 
out some experiments using Glyecin PFD and these 
have shown that this product, being non-ionic, will 
not in itself give a resist under the vat-dye ground, 
and that in order to obtain a white resist it will 
still be necessary to use a cationic product, which 
still leaves us with the problem of the competition 
between the resist and the dye for the dye sites on 
the acrylic fibre. Work is still continuing in order 
to determine whether the use of Glyecin PFD will 
enable better fixation of the basic dye to be 
obtained. It must also be borne in mind that 
basic dyes will only fix on the acrylic fibres and that 
in blends with cellulosic fibre some other method 
will have to be developed to achieve fixation on 
both fibres, which is the advantage of the pigment- 
colour technique. 
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A Study of the Diffusion of Dyes in Polymer Films 
by a Microdensitometric Technique 
R. H. Perers, J. H. Perropoutos, and R. McGrecor 


The concentration distributions of dye which are established inside polymer films during dyeing 
have been determined for the following systems: a disperse dye in cellulose acetate and in nylon, a direct 
dye in cellulose, and an acid dye in nylon. The results have been analysed to give the variation of diffusion 
coefficient with dye concentration: this information has been correlated with the practical behaviour of 
these systems and with their thermodynamic properties. 


Introduction 

Three distinct stages have been recognised! in 
the production of a uniformly dyed textile fibre by 
dyeing from an aqueous dyebath. In the first stage, 
the dye molecules are transported to the fibre/water 
interface by a combination of aqueous diffusion 
and mechanical stirring or agitation of the dyebath. 
The dye molecules are then adsorbed on the outer 
surface of the fibre. The final stage is the diffusion 
of the dye inside the fibre until the dye concentra- 
tion is uniform throughout the fibre phase. Any 
one of these three processes may control the rate of 
dyeing. 

Rates of dyeing have been used in practice to 
show the wide range of kinetic behaviour which 
exists among dyes. The data have been described 
in graphical form or summarised in terms of a 
suitable parameter. This parameter may be the 
time the dye takes to reach an exhaustion of 50% of 
its final or equilibrium value ? (time of half-dyeing, 
t,) or it may be derived by fitting an appropriate 
equation, e.g. that of the hyperbola *, to the data. 
This approach makes no assumptions about the 
mechanism of dyeing and is purely an empirical 
description of the process. In many systems, how- 
ever, the rate at which the dye diffuses within the 
fibre is the controlling factor and has an important 
bearing on the penetration and levelling properties 
of the dye, as well as on the ultimate wash-fastness 
of the dyeing. For these reasons alone, the diffusion 
of dyes in textile fibres is worthy of study. An 
equally compelling reason is found in the possibility 
of describing the dyeing process in terms of the 
laws which govern diffusion. Once the assumption 
can be made that the rate of dyeing is controlled by 
the rate at which the dye diffuses into the fibre, a 
basis exists for predicting the behaviour of a given 
dyeing system. It is customary to define the 
diffusion coefficient D of a dye within the substrate 
by applying Fick’s first equation, which for uni- 
dimensional diffusion is 

5 = Dx 


where S = the flux of dye (quantity crossing unit 
area in unit time), D = diffusion coefficient, and 
C = concentration at any point z in the substrate. 

A second equation is easily derived from the first 
by considering the rate of accumulation of diffusant 
in a given element of volume in the substrate. 


The equation corresponding to Eqn. 1 has the 


general form 
3 


where ¢ = time. 

Eqn. 2 may be solved to obtain a function 
relating the concentration of dye in the substrate 
to the time and the point in the substrate under 
consideration. Integration of this solution with 
respect to distance will give the total quantity of 
dye on the fibre as a function of time; such a 
procedure has been carried out by McBain * for a 
plane sheet, and by Hill* for cylinders. The 
resulting equations therefore describe the rate of 
dyeing in terms of the diffusion coefficient. In 
arriving at these equations, the concentration of 
dye at the surface was assumed to be constant. 
Solutions for the case where the surface concentra- 
tion changes are more complicated and are not 
necessary for studies of the manner in which dye 
diffuses into fibres. In the work discussed here the 
surface concentration has been maintained 
constant. 

Studies of the diffusion of dyes into fibrous 
polymers have shown that D may vary with dye 
concentration, distance or time, and solutions of 
Eqn. 2 have been obtained for cases where D is a 
known function of these variables*. Usually D 
is found to be a function of concentration only and, 
even though the functions of concentration used 
for D may make D vary over wide limits, the shape 
of the adsorption/time isotherm is not very 
sensitive ®* to the manner in which D varies with 
dye concentration C. Therefore it is normally 
possible to calculate only one value of the diffusion 
coefficient from a given adsorption/time isotherm. 
This single coefficient D, which is derived from 
the experimental adsorption/time isotherm, is 
usually known as the apparent or integral 
diffusion coefficient. It has been shown that the 
following expression gives a good approximation in 
many instances to the relation between D and the 
actual diffusion coefficient * 7 D(c) 

1 

where C, and C,, = concentration of dye in the 
fibre at zero time and after a very long time of 
dyeing. 
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D therefore has a value which lies between those 
corresponding to the initia] and final dye concentra- 
tions in the substrate. Values of the apparent 
diffusion coefficient D can easily be obtained from 
experimental time/adsorption isotherms or from 
times of half-dyeing *. This correlation between ¢, 
and D applies only to those systems in which 
dyeing is controlled by the diffusion of dye into 
the fibre, and the limitations which are found in 
the usefulness of the apparent diffusion coefficient 
D as a guide to dyeing behaviour will also apply 
to the corresponding times of half-dyeing 4. 
Nevertheless, the time of half-dyeing has proved 
to be of use in the classification of dyes into groups 
of distinctly different dyeing behaviour *. On the 
other hand, although the use of D or ¢, as a guide 
to the selection of dyes for use in mixtures has 
proved satisfactory for disperse dyes in cellulose 
acetate, it is rather less satisfactory for direct dyes 
in cellulose and is least useful for acid dyes on 
nylon. This may arise from different mechanisms 
of adsorption and diffusion in these systems, each 
mechanism being associated with a different 
relationship between D(c) and dye concentration. 
The apparent diffusion coefficient D may not be 
sensitive to these differences. 


This limitation in the information which the 
diffusion coefficient can reveal is implicit in Eqn. 3. 
When the diffusion coefficient D(c) is strongly 
dependent on concentration, as is true in many 
dyeing systems, the coefficient D may be a com- 
pletely misleading guide to the behaviour of the 
dye in the substrate. Any theoretical treatment 
which is based upon measured values for D is 
potentially much less reliable than one which 
employs measurements of the actual diffusion 
coefficient D(c). One of the most informative 
techniques for studying diffusion requires the 
measurement of the concentration distributions 
set up during a normal sorption process. This type 
of measurement can be analysed to give values for 
the diffusion coefficient D(c), provided that the 
experimental conditions are chosen carefully to 
ensure that the sorption process is controlled by 
diffusion in the substrate. 


The multiple membrane or sandwich experiment 
of Neale." was the first attempt to apply this 
technique to dyeing studies. In these experiments 
the dye (Chlorazol Sky Blue FF) was allowed to 
diffuse for a suitable period into a wad of cellulose 
sheets and each sheet was analysed for dye. On 
the assumption that the sheets could be regarded 
as slices of a solid block, these data enabled a 
concentration—listance relation to be constructed. 
Other workers “ hive measured the concentration 
distributions set up during edge-wise diffusion into 
polymer films. Edge-wise diffusion is carried out 
by clamping a polymer film between two smooth 
stainless steel blocks. The film is cut flush with the 
edge of the block and immersed in a dyebath. Both 
these methods require longer times of dyeing than 
apply in practice and they could not easily detect 
any abnormalities in the behaviour of the dyes 
during the earlier stages of dyeing. Further, in the 
sandwich experiments it is not certain what effect 
the interfaces between the constituent sheets of the 


Peters et al DIFFUSION OF DYES IN POLYMER FILMS 


705 


multiple membrane may have on the final result; 
and with edge-wise diffusion experiments it is not 
easy to ensure that no dye migrates along the 
surface of the sheet into which edge-wise diffusion 
is studied. 

On the other hand, any attempt to measure the 
concentration distributions which are set up during 
short times of dyeing meets severe experimental 
difficulties, because the maximum extent of dye 
penetration will be of the order of 10-° cm. Never- 
theless, several workers". have developed 
microdensitometric techniques and have applied 
them to diffusion studies of this kind. So far the 
results have not been suitable for a detailed 
analysis in terms of the theory of diffusion. In 
the present paper the matter has been studied in 
further detail and an account is given of some 
results which have been obtained using this type of 
technique. The data can then be used to throw 
light on the mechanisms of diffusion in some 
typical dyeing systems. 


Experimental 

The techniques employed in this work have been 
described in detail elsewhere * and will only be 
given in outline here. Small samples of the polymer 
film were mounted in stainless steel frames which 
ensured that dyeing was restricted to a definite 
area of the faces of each sample. The frames were 
supported in a well-stirred, infinite dyebath by 
means of stainless steel wires. The dyeing appara- 
tus consisted of a 1-5-1. flask which carried five 
necks. The central neck-was large enough to enable 
a stirrer to be introduced; the four smaller necks 
were used to support the samples in the dyebath 
and also served as a means of inserting or with- 
drawing the specimens. This apparatus is shown 
in Fig. 1. Before being dyed, the samples were 
immersed for several hours in a blank dyebath 
which was maintained in a thermostat at the 
temperature used for dyeing. 

The dyeing apparatus was maintained at a 
constant temperature in a thermostat; each sample 
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Fic. 1— Dyeing apparatus 
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was inserted and dyed for a definite period. After 
dyeing, the samples were removed from the dye- 
bath, rinsed with jets of ice-cold water, blotted to 
remove surplus moisture, and withdrawn from 
their frames. The moist films were then stored in 
ethanol at —75°C until required for freeze-drying. 
This drying process was carried out at a tempera- 
ture between —6 and --10°C by subjecting the 
films to a pressure of 10-*-10-*mm of mercury. 
After drying, the dyed films were conditioned in the 
laboratory and then embedded in an Araldite 
epoxy resin. Transverse cross-sections were cut 
from the embedded films with the aid of a micro- 
tome. The success of this technique depends upon 
the quality of the cross-sections; the precautions 
that must be taken to ensure reliable results have 
been discussed in detail by the present authors ", 
as well as by others 


The cross-sections were mounted on microscope 
slides in a medium of suitable refractive index 
and scanned with the microdensitometer in order to 
obtain a curve showing the variation of the optical 
density with the distance inside the film. The 
microdensitometer supplied by Joyce, Loebl and 
Co. Ltd., of Newcastle upon Tyne, had been exten- 
sively modified by the authors for this work. It 
is essential in this kind of work to calibrate the 
performance of the instrument against known 
standards. The precautions taken, and the methods 
of calibration found to be necessary, have been 
discussed in the paper referred to earlier’. In 
general, the recorded optical density distributions 
from good cross-sections are characterised by the 
following features— the section edges are defined 
by steep optical density gradients and the record- 
ings from opposite sides of the same cross-section 
are superimposable. Any recordings in which these 
conditions are not satisfied have been rejected. 
Fig. 2 shows some recorded profiles in which these 
conditions were satisfied, curves A and B being 
recorded at opposite sides of the same cross- 
section. The dye in this instance was Chlorazol 
Sky Blue FF and the substrate Cellophane sheet. 


PRESENTATION AND ANALYSIS OF DATA 


The original recordings were re-drawn on graph 
paper after corrections had been applied for any 
non-linearity in the response of the instrument 


Distance on chart, cm 
(Numbers on graphs indicate time of dyeing in min) 


F16. 2— Diffusion profiles for Chiorazol Sky Blue YF 
in Cellophane 


when recording the optical density distribution 
inside the specimen. In addition, it was occasion- 
ally necessary to correct the values of the distance 
coordinate « for the fact that in some systems 
diffusion took place into a water-swollen polymer 
sheet, whereas the optical density distributions 
were measured on dry cross-sections of the sheet. 
The constancy of the optical density as obtained by 
extrapolation of each corrected recording, or profile, 
to the specimen edge was determined and, after 
any necessary correction had been made for 
variations of section thickness, this measurement 
showed the constancy of the surface concentration 
during dyeing. Under good cutting conditions, the 
section thickness was quite reproducible and no 
correction was necessary. If the surface concentra- 
tion had been shown to be constant during dyeing, 
each of the profiles was further corrected to give 
unit optical density (in arbitrary units recorded by 
the instrument) at the specimen edge and these 
optical density profiles, after any necessary 
corrections for deviations from the Lambert—Beer 
Law, were plotted on a common graph, as shown in 
Fig. 3. The final profile for each time of dyeing 
was the mean of several measurements on different 
sections 

It was then necessary to transform the results. 
The graphs in Fig. 3 may be put on a single curve 
by dividing the abscissae by the square root of the 
time, or preferably by plotting against a new 


Relative concentration (c) 


Penetration distance (x), micron 
(Numbers on graphs indicate time of dyeing in min) 


Fic. 3— Diffusion of Chiorazol Sky Blue FF in Cellophane 
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Fie. 4— Diffusion of Chiorazol Sky Blue FF in Cellophane 
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variable » = x/24/t (Fig. 4). The diffusion co- 
efficient may best be obtained from this curve by 
analysis using Matano’s method '*.'*, This type of 
plot acts as an additional check on the accuracy of 
the data, since all results should, within experi- 
mental error, fall on a single curve. This is a sensi- 
tive test of the adherence of the system to the 
mathematical model of diffusion from a constant 
surface concentration into a semi-infinite plane 
sheet. The most representative smooth curve was 
drawn through the experimental points on the 
graph, of relative concentration ¢ against » = 
«/2+/t, where c = C/C,, and is numerically equal 
to the relative optical density. C represents the 
dye concentration at a point z units distant from 
the surface at a time ¢, and C ,, represents the sur- 
face concentration of dye in the film and is assumed 
to be equal to the dye adsorption at equilibrium 
(after a very long or almost infinite period of time). 
The diffusion coefficient/concentration relation 


was obtained from the experimental results by 
means of Eqn. 4, which is readily derived from 
Eqn. 2. 


dy 

D(c) = — .d 

i 

All the terms on the right-hand side of Eqn. 4 

can be obtained from the final graph of relative 


concentration (c) versus 7 = x 21/1, and the value 
of the diffusion coefficient D(c) at any relative dye 
concentration c, may be determined by graphical 
integration. 

Where there is any doubt about the adherence of 
the system to the mathematical model mentioned 
earlier, an additional check is available. This con- 
sists in measuring the dye sorbed per unit weight of 
polymer film when a separate batch of specimens is 
dyed under the conditions used in obtaining the 
specimens for microdensitometry. When diffusion 
occurs into a semi-infinite plane sheet (initially free 
from dye) from a constant surface concentration 
C,, the amount of dye M, taken up by the sheet at 
time ¢ is given ® by the equation M, = 2C,+/ Dt/x. 
The initial stages of diffusion into a finite plane 
sheet of polymer correspond to diffusion into a 
semi-infinite medium; therefore, if C, and D are 
constant, M; t. If C, is dependent on ¢, this 
simple proportionality between M; and 4/1 is not 
observed. If Dis a function of z or of t, this simple 
proportionality between M, and +/¢ again dis- 
appears'*. When D depends upon dye concentration 
C but not explicitly upon any other variable, M, is 
again proportional to +/t'*. Therefore if the dye 
sorption per unit weight of film is plotted against the 
square root of the time of dyeing, the experimental 
points should fall, within experimental error, about 
a straight line through the origin. If they do not, 
the system is behaving abnormally. If they do 
satisfy this condition, valuable confirmation is 
provided that the diffusion coefficient is not a 
function of time or distance, but of concentra- 
tion only; it is also implied that the diffusion occurs 
from a constant surface concentration and that 
the plane sheet of film may be regarded as semi- 
infinite during the diffusion process. Fig. 5 
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Fia. 5— Rate of dyeing measurements for Chiorazol Sky Blue FF in 
Cellophane 


represents measurements of the uptake of Chlorazol 
Sky Blue FF at 50°C by Cellophane sheet in 
presence of 5 g/l]. salt, and the results satisfy the 
conditions already mentioned. 


MATERIALS 


Dyes 

Duranol Red 2B (C.1. Disperse Red 15) Com- 
mercial dye was treated with boiling distilled water 
and the suspension filtered hot. This treatment was 
repeated five times to remove most of the dispersing 
agent. The product was dried at 70°C and Soxhlet- 
extracted with acetone.~ Recrystallisation of the 
extract from acetone gave a pure product (m.p. 
216°C (uncorr.)) which had the composition— 
Found: C, 703% ; H, 3-8%; N, 56% 
C,,H,O,N requires: C, 70-28%; H, 3-8%; N, 5-8% 
Chromatography by several methods failed to 
show the presence of any isomers. 

Naphthalene Scarlet 4R (CI. Acid Red 18) The 
commercial dye was recrystallised from aqueous 
alcohol until samples gave a constant extinction 
coefficient when dissolved in 20°, aqueous pyridine. 
Chromatography revealed no isomers, and titra- 
tion of the free dye acid against standard alkali 
indicated that the purity was 99°. 

Chlorazol Sky Blue F F (C1. Direct Blue 1) This 
dye was purified by the method of Robinson and 
Mills *, which consists in repeated precipitation 
from aqueous solution by addition of sodium 
acetate. The precipitate was Soxhlet-extracted 
with aldehyde-free alcohol, and the residue was 
further crystallised from aqueous alcohol. Sodium 
analyses on aqueous solutions of the dye, using an 
E.E.L. flame photometer, indicated that the dye 
was probably at least 96°, pure; and chromato- 
graphic analysis showed that only small amounts of 
isomers were present, one of which was red and of 
low substantivity. 


Polymer Films 
Nylon 6.6 This material was made by E. I. du 
Pont de Nemours & Co. Inc. by extrusion from the 
melt. The film was purified by extraction with 
carbon tetrachloride, the solvent being removed 
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under vacuum. The thickuoss of this material was 
110-130 » and its amino end-group content was 
45 m equiv. /kg. 

Cellulose P.T.600 Cellophane sheet was 
provided by British Cellophane Ltd. The film was 
purified by washing in distilled water, followed by a 
treatment with hydrochloric acid to remove metal 
cations. The acid-washed material was further 
washed with de-ionised distilled water until free 
from chloride ions. The film was stored in distilled 
water before use. The water-swollen film had a 
thickness of about 92 » and the dry cross-sections 
a width of about 42 ». The carboxyl content of the 
film was 42 m equiv. /kg. 

Cellulose Acetate This product was prepared by 
British Celanese Ltd. by casting from solutions in 
methanol and methylene chloride. Until required, 
the film was stored in distilled water. The acetyl 
value of this material was 54-6°,, and its thickness 
was about 50 


Results and Discussion 

The failure of measured apparent diffusion 
coefficients and times of half-dyeing to provide a 
complete description of the practical behaviour of 
some of the common dyeing systems appears to 
arise either from the fact that the dyeing processes 
concerned are not controlled by the diffusion of the 
dye within the fibre or from the variation of the 
actual diffusion coefficient with the dyeing con- 
ditions. The manner in which the diffusion co- 
efficient D varies with, e.g., dye concentration and 
electrolyte concentration is probably intimately 
connected with the mechanism of diffusion in the 
substrate. It is therefore necessary to discuss 
briefly some of the important factors which may 
control the magnitude of the diffusion coefficient. 

A diffusion process can be pictured as arising 
from random movements of the diffusing molecules, 
which nevertheless result in the net transport of 
matter from a region of higher concentration to 
one of lower concentration™. Thus the tendency 
of any system to increase in entropy is reflected in 
the levelling-out of concentration inequalities as a 
result of diffusion. The rate of transport of matter 
in such a system is directly related to the space 
gradient of concentration of diffusant molecules, 
and Fick’s first law of diffusion (Eqn. 1), in which 
the diffusion coefficicnt D is constant, should be 
valid. Deviations from Fick’s Law, i.e. non- 
constancy of D, can arise in this model if the 
concentration C does not represent the actual 
number of molecules free to diffuse. Thus some of 
the molecules in the element of volume where the 
concentration appears to be C units may be 
adsorbed and immobile in the substrate and there- 
fore not available for diffusion. This possibility 
has been examined by Standing * and by Crank *, 
and will be discussed in more detail later. It has 
been shown by these workers that deviations from 
Fick’s Law occur when the concentration of 
immobilised molecules is not a linear function of 
the concentration of free molecules. A further 
possibility arises from interactions between indi- 
vidual diffusing molecules, e.g. as a result of their 
being electrically charged, which again affect the 
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randomness of the molecular motions or the number 
of molecules free to diffuse. This is illustrated by 
the effect which the quickly diffusing cation has on 
the diffusion of a dye anion. At low electrolyte 
concentrations the cation tends to diffuse in 
advance of the anion and a diffusion potential is 
set up which accelerates the movement of the dye 
anion itself. This effect decreases as added 
electrolyte modifies the interactions of the diffusing 
particles. The dye will also act as its own screening 
electrolyte and the diffusion coefficient will show a 
dependence on dye concentration: Fick’s Law will 
therefore not be obeyed. If dye particles associate 
to form aggregates, the number of particles free 
to diffuse will not be given by the bulk concentra- 
tion of dye and Fick’s Law may therefore not be 
valid. 

Another approach is to regard the diffusion as 
occurring by movement of the molecules under the 
influence of a force. This force may arise from the 
gradient of osmotic pressure™, or of chemical 
potential %, which is associated with the concentra- 
tion gradient in the material. The molecules will 
acquire a velocity which is such that the resistance 
of the medium to movement of the molecules is 
balanced by the driving force, and this velocity will 
determine the rate of transport of matter in the 
system. This theme has been developed by several 
workers *6, 27,28, but cannot be discussed in detail 
here. The treatments that have been used show 
that Fick’s Law must be replaced by an equation 
which, if the gradient of chemical potential be the 
driving force, takes the form 


The diffusion coefficient D’ may here be regarded 
as a mobility factor which is related to the 
resistance which the medium offers to diffusion. 
If » in Eqn. 5 be replaced by yp, + RT Ina, 
(where a = activity of the molecules at concentra- 
tion C), the equation may be transformed to one 
which includes the concentration gradient, i.e. 


3(u°+RT In a) 
ox 


dina 
oC 
Eqn. 6 is now in the form of Fick’s first law with 


.. (6) 


sind 


If the system behaves ideally when C — 0, i.e. if 


as C->0; then, as C> 0, 10 


D(c) = 


and 
RTD’ = D(c) = D, 
(c= 0) 


Therefore, 4 
(8) 


D(c) = D520) 


Alternatively, if the activity a of the diffusing 
molecules is a measure of the number of molecules 
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that are free to diffuse at a concentration C, then 
Eqn. (1) can be re-written as 

aa 


(9) 


and it follows from the assumption of ideal 
behaviour at infinite dilution that 


= Dy (10) 


Eqn. 8 and 10 are the two thermodynamic alterna- 
on which discussion of the results will be 


tives 
based 


DURANOL RED 2B IN CELLULOSE ACETATE 
In Fig. 6 is drawn the concentration/distance 
curve which would be expected if the diffusion 
coefficient was constant, i.e. if Fick’s Law was 
obeyed for the diffusion of dye from a constant 
surface concentration into a plane sheet 


= 1 — erf.(x/2*/ Dt) 


Relative concentration (c) 


10 
x/2V Dt 
F1G. 6— Diffusion of Duranol Red 2B in cellulose acetate 


The agreement between this curve and the 
experimental points, which were obtained from a 
profile recorded by the microdensitometer, is 
satisfactory **. This result could mean that any 
variations in the thermodynamic terms in Eqn. 8 
and 10 are exactly compensated by changes in 
Dy, as a result of, e.g., plasticisation effects. This is 
unlikely and the constancy of D is presumably a 
consequence of the thermodynamic ideality of the 
system. This view is compatible with the evidence 
provided by equilibrium dyeing studies 
The success which dyeing theory has had in pre- 
dicting the behaviour of disperse dyes in cellulose 
acetate fibre is therefore a consequence of the 
constancy of D and of the ideality of the system. 


DURANOL RED 2B IN NYLON 6.6 

It has been established that the diffusion of this 
dye into nylon 6.6 from a well stirred solution in 
iso-octane saturated with water shows only slight 
deviations from Fick’s Law over a considerable part 
of the concentration range studied®. This finding is 
explained in the same manner as for the diffusion 
of this dye in cellulose acetate, and is obviously 
relevant to the better levelling properties of the 
1 ag dyes on nylon as compared with the acid 


yes 


DYES IN POLYMER FILMS 


NAPHTHALENE SCARLET 4R IN NYLON 6.6 

The nylon film was dyed at pH 3-2 under condi- 
tions which ensured that the surface concentration 
of dye was almost that required to saturate the 
terminal amino groups. The dye was chosen 
because several workers *.* have shown that under 
certain conditions there is an approximately 
stoichiometric relationship between its adsorption 
by nylon 6.6 and the amino-group content of the 
fibre. The diffusion profiles are shown in Fig. 7(a), 
and the diffusion coefficient—concentration relation 
in Fig. 7(6). This D(c)/C relation could be inter- 
preted either as a marked plasticisation of the fibre 
by the dye as the concentration of dye rises (effect 
on D,) or as marked departure of the system from 
ideal behaviour in the thermodynamic sense. 


° 


° 
w 


Relative concentration (c) 


10 
Penetration distance, micron 
(Numbers on graphs indicate time of dyeing in min) 


Fie. 7(a)— Diffusion of Naphthalene Scarlet 4R in nylon 


Diffusion coefficient (D(c)), 10° cm®/s 


0-5 10 
Relative concentration (c) 


Fie. 7(6)— Relation between diffusion coefficient and 
concentration (Naphthalene Scarlet 4R in nylon) 


L L 


There is little evidence to support a plasticisation 
mechanism and it seems likely that any changes in 
the fibre structure will have occurred before dyeing 
by virtue of the adsorption of water when the fibre 
was immersed in the blank dyebath. The D(c)/C 
relationship obtained is compatible with the 
variation in the thermodynamic terms which would 
arise if the dye molecules were adsorbed on fixed 
sites, e.g. the charged amino end-groups. This is 
tantamount to the substitution of the activity 
function used in adsorption experiments into 
Eqn. 8 and 10. On the basis that an anion of 
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basicity Z occupies Z sites, the activity of the d 
salem: bein: tobe given by tho 
expression 

6 


1 
ug 


where ¢ = C/S = fractional saturation of the 
sites. 

It follows from Eqn. 8, 10, and 12 that two 
possibilities must be considered— 


D(e) = 


from Eqn. 8 (18) 


1 2 
from Eqn. 10 D(c) = (14) 
From the results given in Fig. 7(6) an opportunity 
now exists for distinguishing between the possi- 
bilities expressed in Eqn. 8 and 10. Fig. 8 is a 
direct comparison of the experimental results with 
the two theoretical relations and, although it 
cannot definitely be established which is correct, it 
is quite clear that the thermodynamic equations 
are well able to account for the experimental 
D(c)/C relation without the assumption of any 
plasticisation mechanism. The mechanism of 
dyeing in this substrate with acid dyes appears to be 
such that any initial non-uniformity of dye distri- 
bution at the fibre surface will be accentuated and 
propagated inside the fibre by the response of the 
diffusion coefficient to increases in dye con- 
centration, particularly near saturation adsorption. 
It can be seen why many of the techniques to 
ensure level dyeing of nylon are based on some 
restriction of the initial dye adsorption, e.g. by the 
use of anionic compounds which are initially 
adsorbed on the dyeing sites or of cationic agents 
which form complexes in solution with the dye 
anions *’, The failure of the apparent diffusion 
coefficient as a guide to dyeing behaviour is also 
explained by the D(c)/C relation in this system. 


Calculated for 


Calculated for 


0-5 
Relative concentration (c = 6) 


@ Experimental results 


Fie, 8— Test of thermodynamic equations 
(Naphthalene Scariet 4R in nylon) 


CHLORAZOL SKY BLUE FF IN P.T.600 CELLOPHANE 
The diffusion profiles obtained from samples 
dyed at 90°C from a dyebath containing 1 g/l. 
Chlorazol Sky Blue FF and 5 g/l. sodium chloride 
are shown in Fig. 3 and 4. The corresponding 
D(c)/C relation is shown in Fig. 9: it can be seen 
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that a linear relation of the type D(c) = D,(1+ ac) 
can be applied to the results, but that there are two 
ways of doing this. The initial slope of the experi- 
mental results (line A) corresponds to the relation 
D(c) = D,(1+10-7 c), whereas the line B, fitted 
by the method of I->st squares to all the experi- 
mental points, co:responds to the expression 
D(c) = D,(1+5-5c). It is interesting to compare 
the present result with that obtained by Neale ” 
in his multiple-membrane experiment as re-analysed 
by Crank™. When the two equations just given 
are expressed in terms of the actual dye concentra- 
tion C (in grams of dye per 100 grams of dry 
cellulose) instead of the relative concentration c, 
the parameter £ in the corresponding equation 
D(c) = Dg(1 + BC) 


can be calculated. 
Table I is a comparison of the present result with 
that of Neale ' as re-analysed by Crank ™. 


Diffusion coefficient, x 10° cm*/s 
ww 


i 1 
10 
Relative concentration (c) 


Fie. 9— Relation between diffusion coefficient and concentration 
for Chlorazol Sky Blue FF in Cellophane 


dD, 
(cm*/s x 10-*) 


Line A in Fig. 9 
Crank’s re-analysis of 
Neale’s result 


The difference in the D, values obtained by Neale 
and by the present authors is easily accounted for 
by the fact that the properties of Cellophane sheet 
may be somewhat Hifferent nowadays. In any 
event the difference is not alarming, and even 
Crank and Neale’s value for the parameter 8 could 
easily be obtained from the present results by 
fitting a straight line intermediate between lines 
A and B in Fig. 9. 

Thus there is almost quantitative agreement 
between the present results and those obtained by 
an entirely different technique. An explanation 
must now be found for this linear relationship. © 
Standing“ and Crank** have shown that it can 
occur if the dye in the cellulose is considered to be 
in part adsorbed and immobilised (concentration 
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C4) and in part free to diffuse (concentration C;) in 
“pores’’ in the substrate. It can be shown on these 
assumptions that the measured diffusion coefficient 
D(c) is related to the diffusion coefficient D; for 
“pore” diffusion by the expression 
dQ; 

where « is the fractional volume occupied by the 


pores of the cellulose, or, if diffusion of the 
adsorbed dye can occur with a diffusion coefficient 


A 


Dc) = «Dj (15) 


dc; 
Die) = + Da (16) 
On Standing’s model, C; is equal to the dyebath 
concentration C, which would be in equilibrium 
with the concentration C4 of adsorbed dye, so that 
s * becomes equal to the reciprocal gradient of the 
A 
external adsorption isotherm. On Crank’s model 


ot is constant and C; is related to the dyebath 
A 


concentration C, by equations related to those of 
the Donnan membrane equilibrium’. Conse- 
quently, Crank’s model does not explain the 
dependence of D upon C4, but does appear to explain 
the effect of salt on the diffusion coefficient D 
reasonably well. Standing’s approach gives some 
explanation of the concentration dependence of 
D(c) but does not explain the effect of salt. One real 
disadvantage of the evidence provided by Standing 
and by Crank is that it relies upon measured 
apparent diffusion coefficients which may have little 
relation to the actual behaviour of the system. The 
values for D(c) which can be provided by the present 
technique will enable a critical test of these theories 
to be made. At the moment a linear dependence 
of D(c) upon C4 is explained on Standing’s model 
by the expression 

dc; 


which on integration gives 


oa" + K’ 


Since, when C; = 0,C4 =0;K’=0 


and Gj= (19) 


(20) 


then C4 = ces 


Thus a linear dependence of D upon C, is 
explained by an internal partition of dye of the 
Freundlich t where the exponent is 0-5. It 
appears that C; should be calculated from C, by 
applying the principle of the Donnan membrane 
equilibrium, since this will enable the effect of salt 
and of dye concentration to be taken into account 
at the same time’. The problem has been 
approached in a similar manner by Heritage **, who 
postulates that a Donnan membrane equilibrium 
exists between the dye in the dyebath and the dye 
which is free to diffuse in the fibre, and that a 
Langmuir adsorption isotherm exists between the 
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adsorbed dye and the dye which is free to diffuse in 
the cellulose. On this basis, the concentration 
dependence of the diffusion coefficient is explained 
by the equation * 


Dic) =D; pa) { 


which reduces to the form 


D(c) = + [a 


In this expression C,¢ represents the saturation 
adsorption for the Langmuir isotherm, and it is 
assumed that C, << C,. Eqn. 21 was put forward 
as an explanation of the linear variation of D(c) 
with C4 in Neale’s experiment and was stated to 
explain adequately Heritage’s own results with 
Chrysophenine G. Unfortunately, Heritage’s dif- 
fusion coefficients are of the integral type (D) and 
have been related to the maximum dye concentra- 
tion for each experiment, whereas they are more 
closely related to the mean concentration employed. 
For this reason, Heritage’s experimental values for 
B in the expression D(c) = D,(1+-8C,) have little 
real significance and the agreement with theory is 
probably fortuitous. It can further be shown that 
for Neale’s results it would be necessary, since 
B = 1-94, to assume that C,., = 1-03 g/100 g, and 
this value is much less than the equilibrium dye 
uptake of 3 g/100 g in this experiment. It cannot be 
said, therefore, that an ifiternal Langmuir adsorp- 
tion isotherm provides an adequate explanation of 
the linear D(c)/C relationship. 

Holmes has shown *® that the internal isotherm 
for Chrysophenine G in cotton cellulose corresponds 
to a Freundlich isotherm where the exponent is 
approximately 0-5, and a linear D(c)/C relationship 
is compatible with this finding. The extension of 
this result to other dyes and to cellulose containing 
carboxyl groups is a matter for conjecture. At this 
stage it must be mentioned that the approach used 
by Standing is an alternative way of utilising the 
thermodynamic equations already given. Thus 
Standing’s assumption that D; (for pore diffusion) 
is a constant implies ideal behaviour of the “free”’ 
dye, i.e. a; = C;. Since the isotherm is non-linear, it 
follows that a4 ~ C4 and that the deviations from 
ideal behaviour are attributed to the adsorbed dye. 
The internal partition can be written as 


(21) 


a4 = ka; (23) 


where & is a true constant and a, and a; are 
activities. Since a; = O;, then a4 = kc; 
das _ py ACy 


and 7 k da (compare with Eqn. 15) .... (24) 

It is clear therefore that the treatment given by 
Standing is an attempt to account for the diffusion 
behaviour by applying thermodynamic corrections 
obtained from adsorption measurements. This has 
already been recognised by Crank“ and deserves 
emphasis here. It seems to us that the diffusion 
behaviour in this system is intermediate between 
those observed in the other two systems mentioned 
in this paper, viz. disperse dyes on cellulose 
acetate, and acid dyes on nylon. This implies a 
mechanism of adsorption which is also of an 
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intermediate type and which does not correspond 
to that of Langmuir. The formulation as a Freund- 
lich isotherm is without theoretical basis and it 
appears that the explanation of this linear D(c)/C 
relationship will not be simple. At best it may not 
be possible to do more than show that the thermo- 
dynamic corrections which are obtainable from 
calculated internal isotherms are in agreement with 
the diffusion results. Work on these lines has 
already been started. 


Conclusions 
The manner in which the diffusion coefficient 
varies with dye concentration in the systems 
studied in this paper has been compared with the 
behaviour predicted from the two equations 
: dina 


D(c) = Do( 


oa 
and D(c) = Dy (3) 

The disperse dyes appear to dye cellulose acetate 
by a process of solution of the dye in the fibre, and 
since the partition of dye between dyebath and 
fibre is linear in this system it appears that the dye 
in the fibre behaves ideally. Both equations reduce 
to the form D(c) = D, = constant under these 
conditions, and in agreement with these predic- 
tions the diffusion of Duranol Red 2B in cellulose 
acetate has been found to conform to Fick’s Law. 

The diffusion of Naphthalene Scarlet 4R in 
nylon 6.6 has been found to be strongly dependent 
on dye concentration in a manner which can be 
explained to a first approximation by either of the 
two equations without assuming any plasticisation 
or other effects. This concentration dependence of 
D(c) has been shown to be a natural consequence 
of the mechanism of dyeing in this substrate, which 
can be treated as a process of adsorption of dye 
on to fixed sites in the fibre. This behaviour is in 
marked contrast to that of the disperse dye 
Duranol Red 2B in the same substrate, which con- 
forms to Fick’s Law and presumably implies a 
similar mechanism of adsorption to that for dis- 
perse dyes in cellulose acetate. 

The diffusion coefficient of Chlorazol Sky Blue FF 
in cellulose shows an approximately linear depen- 
dence on dye concentration: this behaviour can be 
regarded as intermediate between that for the 
disperse dye in cellulose acetate and that for the 
acid dye in nylon. This variation of D(c) with dye 
concentration can probably be explained in thermo- 
dynamic terms, i.e. by equations of the type 
already used, but this requires the calculation 

dina 
of the correction terms (=) and (<2) from 
equilibrium dyeing studies. 

The different behaviour of each of these systems 
provides an explanation of the observation that D 
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and ¢, are useful guides in the dyeing of cellulose 
acetate with disperse dyes but are less useful in the 
dyeing of cellulose with direct dyes and least useful 
as an indication of the behaviour of acid dyes in 
nylon. Some of the precautions which are taken to 
ensure the level dyeing of polyamide fibres with 
acid dyes can be explained in the light of the 
observed diffusion behaviour of this system. 
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Discussion 


Dr. W. Beckmann: Your experimental tech- 
niques seem to be rather difficult. It would be 
much easier to employ the sandwich technique, but 
this can be done only if the dye concentrations of 
the single films are equal on the surfaces in contact 


with one another. Did you do any experiments to 
find out whether this is the case? 

Professor Peters: A comparison of our own 
results with the result of an experiment carried out 
by Neale, who used the sandwich technique, has 
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been made in our paper (Table I). The agreement 
between the two methods suggests that the inter- 
faces between the constituent sheets of the sand- 
wich do not cause any perturbations of the diffusion 
process in this system; this may not be so for other 
substrates and other dyes. Dr. Patterson has 
pointed out that an interesting variation of the 
sandwich technique has been developed by Sekido 
of the Tokyo Institute of Technology and applied 
to a number of dyeing systems. 

The analysis of these results was made by a 
technique which gave a mean diffusion coefficient 
for the concentration range of dye employed; unless 
at least ten layers of the sandwich are penetrated 
by the dye it is difficult to construct from the 
results a diffusion profile which can be analysed by 
Matano’s method. A long time of dyeing is there- 
fore required unless extremely thin films are used. 
Some of the more interesting and perplexing 
aspects of dyeing kinetics are associated with the 
initial stages of the process; these effects cannot be 
detected by the sandwich technique. 

Mr. H. R. Haprrerp: Have the authors 
examined the application of neutral-dyeing acid 
dyes to nylon from acid dyebaths and from neutral 
dyebaths! If this work has been carried out do 
the results indicate a radically different dyeing 
mechanism? 

Professor Prtrers: This system is of great 
interest and we intend to study it in the near future. 

Dr. D. Parrerson: I should like to congratulate 
the authors on the progress they have made in this 
difficult technique. The Becke line effect, which is 
troublesome in microdensitometer work, can some- 
times be eliminated by the use of plane-polarised 
light and the accurate matching of the refractive 
index of the substrate (in a given direction if it is 
birefringent) by a mounting medium (Patterson 
and Ward, J'rans. Faraday Soc., 53, 1516 (1957)). 
Have the authors considered using this method to 
minimise the difficulties at the beginning of the scan 
when the edge of the specimen is in the field of view?! 

Professor PETERS: It is, of course, impossible to 
eliminate the Becke line effects with a highly 
birefringent material such as Terylene unless plane- 
polarised light is used. We are carrying out 
experiments with the microdensitometer using 
polaroid filters and accurate matching of the 
refractive index of the substrate in plane-polarised 
light, but so far we have had little success because 
the polaroid filters reduce the light intensity 
reaching the photomultiplier to an unacceptable 
level. There are also other problems associated 
with dichroism of the dyed material and, as Mr. 
Hadfield has mentioned, the effect of structural 
variations in the films which might be emphasised 
by using polarised light. 

Mr. J. Bovuttron: The technique used for 
measuring concentration gradients in dyed film is 
clearly sound, but. would seem to be very slow and 
to require great pains. In early work on dye 
diffusion, use was made of a flat film held between 
very finely ground flat surfaces, and the course of 
diffusion into the exposed edge was observed by 
separating the clamp-film sandwich and examining 
the advancing dye boundary. This extremely 
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simple technique produced useful results, and I 
should like the authors’ view as to whether some 
such simple method was not still available to them. 

Professor Peters: The experimental technique 
which Mr. Boulton mentions is very useful: some 
excellent results have been obtained in this way by 
Warwicker , who carried out a detailed examina- 
tion of the diffusion of Chrysophenine G into never- 
dried Cellophane sheet, and was able to derive 
diffusion coefficient—concentration relationships 
from his results. The only disadvantages are that 
a long time of dyeing is required, which prevents 
the detection of abnormalities during the early part 
of the process; that the process is not readily 
adapted to a study of steady-state diffusion; and 
that unless very thin films are used the range of 
dye concentrations that can be employed is 
limited. In many other ways the technique has 
much to recommend it and we shall probably use 
it to study diffusion processes which we have found 
to behave abnormally during the time scale of a 
normal dyeing process. 

Mr. Boutton: The authors have worked, for 
good reasons, in an infinite dyebath. A good deal 
of mathematical treatment has been given in the 
last ten years to problems of diffusion and one 
wonders if the authors have found it still impossible 
to interpret measurements made in a finite dyebath. 
The results of such studies might throw useful 
light on the dyeing process as met with in practice. 

Professor Peters: Studies of diffusion from a 
finite dyebath are a logical development of the 
work which we have already done and as soon as 
the phenomena associated with the infinite dyebath 
have been properly characterised we shall be in a 
position to do this kind of work. There would be 
little difficulty in obtaining results of qualitative 
interest: a detailed analysis of the diffusion profiles 
would be more difficult because of the combined 
influence of the variable boundary conditions and 
the concentration-dependence of the diffusion 
coefficient on the profiles themselves. This 
difficulty might necessitate the use of modern 
computer techniques in the analysis of the results. 

Mr. I.Gattzy: Professor Peters has shown that 
diffusion data fall into two groups, viz. 

Type A, which he associates with non-ionic 
dyeing systems 
Type B, which he associates with ionic dyeing 
systems, 
and that the dyeing behaviour of cellulose lies 
between these two extreme types, i.e. cellulose 
displays a combination of non-ionic and ionic 
characteristics. 

In the experiments described in this paper, the 
carboxyl-group contents of the cellulose specimens 
were measured. Have different positions between 
the two extreme types A and B been found for 
different celluloses and has any relationship been 
found between these intermediate positions and 
the carboxyl-group contents of these cellulose 
samples? 

Dr. McGrecor: We have not yet made a 
systematic study of the influence of the carboxyl 
content of the cellulose films on the diffusion 
behaviour of direct dyes. Presumably the factor 
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of importance here is the number of carboxyl 
groups present that are fully dissociated, and this 
will vary with factors such as the pH of the dyebath 
and the total carboxyl content of the material. We 
have used our own measurements of the dissocia- 
tion constant of the carboxyl groups in these films 
to calculate the “internal isotherm” according to 
an extension of Holmes’s method *, and it is 
possible to find some correlation between the 
nature of this isotherm and the observed diffusion 
behaviour. We would only expect behaviour of 
type B with an ionic system in which a dye ion is 
attracted to oppositely charged groups in the fibre 
structure, i.e. profiles resembling those obtained 
with acid dyes on nylon might well be obtained 
with cellulose which contains carboxyl groups if 
this material were dyed with a cationic dye. 

Dr. W. Luck*: The interesting results obtained 
by the authors have been confirmed in experiments 
that we have carried out on nylon 6. The diffusion 
of Orange IT (C.I. Acid Orange 7) from aqueous 
solutions into nylon 6 monofilaments has been 
observed by means of a recording microspectro- 
photometer. Similar deviations from the normal 
diffusion curve, as shown in Fig. 7(a), were found. 
The more rapid diffusion observed at high dye 
concentrations is more pronounced for unstretched 
monofilaments than for stretched ones. The 


deviations from the normal diffusion curve were 
even more marked in the dyeing of Orange II from 
_ methanolic solution on nylon 6. On the other 
hand, the steeper section of the diffusion curve at 
high concentrations was less pronounced when the 


dye was applied from a mixture of equal parts of 
water and methanol. The results indicate that 
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the hydrogen bonds of the fibre are involved in the 
effect under discussion. 


Dr. McGrecor*: The results which Dr. Luck has 
outlined are very interesting, but we should like 
to have much more information about the measure- 
ments themselves before commenting on them in 
detail. We should like to emphasise that a 
qualitative consideration of diffusion profiles alone 
may be misleading. The proper description of 
the system comes from the diffusion coefficient— 
concentration relationship, since what appear at 
first sight to be widely different diffusion profiles 
may, when analysed, give a similar D(c)/C relation 
at the lower to medium dye concentrations. 


It is in this lower concentration range that our 
treatment of the data is most applicable. We have 
assumed no physical restrictions to the upper 
values of D(c) in our treatment; this is an obvious 
simplification, and if an increase of order in the 
substrate places such restrictions on D(c) the 
diffusion profiles will certainly alter. There must 
also be in any one dye a certain balance of ionic 
and non-ionic bonding to the substrate: the more 
pronounced the non-ionic component, the more the 
diffusion profiles will tend towards the Fickian 
profile. For this reason we have chosen Naphtha- 
lene Scarlet 4R (C.I. Acid Red 18) as a dye which 
should be primarily influenced by ionic effects, 
but we are also carrying out experiments with 
dyes such as Naphthalene Red J (C.I. Acid Red 
88) to investigate other factors. There is no doubt 
that a complete description of diffusion into nylon 
will be more complicated than the picture put 
forward here. 
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Chairman— Mr. J. Bovuutron 


A Study of the Dyeing Behaviour of Abraded Wool 
H. R. Haprievp and D. R. Lemin 


A study has been made of the effect of abrasion of wool on the characteristic properties of individual 
acid dyes on wool fibres. When abrasion takes place before dyeing, the abraded areas dye initially more 
heavily than the unabraded areas. When abrasion occurs after dyeing, the abraded areas appear to be 
less heavily dyed, owing to an optical effect caused by fibrillation of the fibres. Rubbing of wool against 
wool produces an effect identical with that obtained on abrasion by glass-paper or other abrasives. The time 
required to produce level dyeings on abraded wool varies widely from dye to dye, and the degree of sul- 
phonation of the dye has an important effect. Certain cationic auxiliary agents reduce the time required to 
produce level dyeings. Apparently, abrasion increases the hydrophilic nature of the fibre surface. 


Introduction 

The characterisation of unlevelness in wool 
dyeing is a problem which is presented to dyers 
and dye manufacturers every day. In piece-dyed 
material this is often difficult because of the large 
number of processes which have been encountered 
before the dyeing operation. In addition to having 
been scoured as loose wool, a typical woollen cloth 
will have been piece-scoured, milled, and carbonised 
before being dyed. Apart from any unlevelness 
arising from improper application of dye, any of 
these processes could be the cause of trouble during 
dyeing. 

The literature on the effect of various chemical 
treatments on wool is voluminous. The effect of 
acids, alkalis, and oxidising and reducing agents on 
wool has been the subject of much study, and the 
effect of such treatments on the dyeing properties 
of dyes is well known. The relation of faulty dyeing 
to the chemical damage suffered by the wool during 
processing has been studied and has resulted in the 
publication of several papers '~*. 

In spite of all the information available, it had 
been found, in the examination of faulty piece 
goods, that it was often impossible to ascertain 
the precise cause of the fault. It was observed that 
many of these faults occurred in the heavier 
woollens which had been milled and carbonised 
before being dyed. The fault usually consisted of 
ill-defined warpwise streaks; on examination there 
would be no evidence of uneven carbonisation, the 
pH across the width of the material and the residual 
grease content would be uniform, and yet it would 
be extremely difficult, if not impossible, to level 
the material by giving a normal levelling boil. 

The possible cause of these faults was first 
suggested by Parker‘, who presented evidence 
that they were due to mechanical abrasion during 
processing. His observations, based on practical 
dyeing experience, showed that if the material was 
“bagged” (i.e., sewed selvedge to selvedge) before 
being wet processed, the protected inside face of 
the cloth dyed evenly, whereas the exposed outside 
of the material showed the typical streaky fault. 
It was suggested that slippage of the top roller in a 
dolly scouring machine was one of the main 
factors causing the fault. Since these observations, 
examination of a large number of unlevel dyeings 


on wool cloths has shown that the fault was 
ascribed correctly to abrasion damage. The effect, 
whilst occurring mainly in heavier woollens, has 
also been observed on knitted jersey fabrics. 

Jenkins and Keels® examined the effect of 
abrasion on the dyeing characteristics of cotton 
and found that the abraded areas of knitted 
cotton material dyed more heavily than the 
normal areas. They suggested that the penetration 
of dyes into the fibre was controlled by a thin 
surface layer relatively impermeable to large dye 
molecules. If this explanation is correct, one would 
anticipate a similar efféct occurring with wool, 
since the surface of wool is covered by a thin 
hydrophobic layer, the epicuticle. Medley and 
Andrews * abraded the surface of wool fibres by 
rubbing them between ground-glass plates and 
showed that fibres so treated adsorbed dye more 
rapidly than unabraded fibres. Brown ’ has stated 
that mechanical damage to wool is usually 
characterised by fibrillation of the fibres, and the 
tendency of the cortical cells to separate with 
mechanical treatment is greatly accelerated by acid 
damage. This agrees with the observation of 
Parker‘ that carbonising before dyeing accen- 
tuates faults due to abrasion damage. 

Townend *, and Barritt and Elsworth ® classified 
dyes according to their ability to cover mixtures of 
chlorinated and normal wool. More recent work '” 
has shown that this classification is related to the 
hydrophobic—hydrophilic balance in the dye and 
the surface properties of the wool fibre. If, as has 
been suggested, abrasion of the wool fibre is 
characterised by fibrillation and scale removal, 
then it would be expected that those dyes recom- 
mended for covering carbonising faults on tippy- 
dyeing wool would also be the best for dealing with 
abrasion damage. 

It has also been suggested that this type of fault 
is more prevalent at present than it was, e.g., 10 or 
15 years ago and this has been ascribed to a lower- 
ing of the quality of the wool blends used in a 
given cloth. The statement has also been made that 
the inclusion of noil in a fabric increases the likeli- 
hood of the fault’s occurring. This information, 
whilst throwing no light on the problem, is interest- 
ing in that it suggests that wool which is already 
physically or chemically damaged is more prone 
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to further damage than better-quality wools. As 
far as badly degraded wool is concerned, informa- 
tion has been elicited that shoddy pieces never 
show the fault. Presumably in this case the wool is 
originally so degraded and hydrophilic in character 
that further mechanical action cannot affect the 
surface characteristics of the fibre so far as dye 
absorption is concerned. 

There is no doubt that this problem is a very 
serious one for the practical dyer, and it is the 
object of this paper to discuss the effect of abrasion 
of wool on the dyeing properties of wool dyes, to 
characterise the properties of individual wool dyes 
on abraded wool, and to obtain a practical method 
for avoiding the difficulties currently being 


encountered. 
Experimental 
PREPARATION OF ABRADED MATERIAL 


The fabric used was a botany serge (602, 2/2 
twill, 60 picks/in., 70 ends/in.), and Grade | glass- 
paper (Naylor’s, Woodley, Manchester) constituted 
the abradant. A standard Crockmeter (BS 2677: 
1956) was used to obtain standard abrading condi- 
tions. A sample of serge (11 in. x 3 in.), with the 
length parallel to the warp yarns, was mounted 
under tension on the Crockmeter and a circle 
of glass-paper was fastened to the finger of the 
Crockmeter. The abradant was then moved to 
and fro 50 times over the material. 

Samples of wool were abraded using (a) new 
glass-paper and (b) glass-paper that had already 
been used to abrade 24 samples of wool. The 
abraded wool was then dyed with 0-25°%, Lissamine 
Blue BFS (C.I. Acid Blue 18), using 3° sulphuric 
acid as dyebath assistant. Dyeings were com- 
menced at 40°C and the dyebath was raised to the 
boil over 30min. Samples were taken at this 
stage and also after boiling for | h. Examination 
of the dyeings showed that the differences in dye 
uptake between abraded and non-abraded areas of 
the cloth were not affected by the condition of the 
glass-paper. This test was repeated with 0-25%, 
Naphthalene Scarlet 4RS (C.I. Acid Red 18) and 
0-25%, Tartrazine NS (C.I. Acid Yellow 23), and 
similar results were obtained. It was concluded 
that it was possible to obtain reproducible abrasion 
using the same sample of glass-paper for rubbing 
25 samples of serge each 50 times. 

It was also noticed that with the three dyes 
examined, the abraded area was dyed more 
heavily than the normal areas. In order to confirm 
that this effect was different from that encountered 
when abrasion followed dyeing, dyeings of 0-25°, 
shades of Lissamine Fast Violet 2BS (C.I. Acid 
Violet 41), Solway Purple RS (C.I. Acid Violet 43), 
Solway Blue BNS (C.I. Acid Blue 45), Solway 
Blue RNS (C.I. Acid Blue 47), and Solway Blue 
2GS8 (C.I. Acid Blue 40) were prepared by the usual 
method. After being dyed, the samples were dried 
and abraded in exactly the same manner as was 
the undyed serge. It was found that in all cases the 
abraded area appeared lighter than the unabraded 
areas. This effect is presumably an optical one 
arising from fibrillation of the fibres. 

In subsequent investigations other methods of 
abrasion were used; these will be described later. 


However, unless it is stated otherwise, the method 
already described was used. 

In addition to the use of worsted serge as 
standard material throughout the bulk of the 
experimental work, some tests were also carried 
out on a sample of a woollen velour cloth. Apart 
from slight differences in degree, presumably due 
to differences in cloth construction and wool 
quality, the effects on this material paralleled those 
obtained on the standard serge. 


EFFECT OF ABRASION ON THE DYEING 
PROPERTIES OF LEVEL-DYEING ACID DYES 


Effect of Time and Temperature 

Samples of worsted serge were abraded and then 
dyed as follows. 

Twelve identical dyebaths were prepared, each 
containing 0-25% dye and 3%, sulphuric acid 
(168°Tw.), in a 50:1 liquor ratio. The abraded 
wool was wetted out for 2 min in boiling distilled 
water and cooled to 40°C. The samples were then 
introduced into the dyebaths at 40°C and the tem- 
perature raised at the rate of 2 deg. C/min. Dyeings 
were completed at the following temperatures and 
time intervals— 

at 60, 80, and 90°C; after 10 min, 30 min, 
1 h and 4 h at 90°C; 

at 100°C; and after 10 min, 30 min, lh 
and 4h at 100°C. 


The dyeings were then rinsed and dried. 

The temperature of 90°C was chosen to simulate 
the conditions obtaining in a normal open winch 
machine, and 100°C to simulate the effect of raising 
the effective temperature to the boil. The samples 
were examined visually for contrast in colour 
between the abraded and normal areas and 
assessments were made on the normal 1-5 scale 
(BS 2662:1956 Colour Fastness: Grey Scale for 
assessing Changes in Colour). The results are 
detailed in Table I. 

The typical behaviour of a dye which shows good 
coverage of abraded wool and one which shows 
poor coverage is illustrated graphically in Fig. 1 
and visually in Fig. 2. In Fig. 1, decreasing 
positive contrast from Grade 1 to Grade 5 is 
followed by the production of a negative contrast. 
It will be seen that the two dyes differ markedly in 
their behaviour. Propolan Yellow 3G (ICT) at 60°C 
gives a positive contrast of Grade 3, but when the 
temperature has reached 100°C, the abi. ied and 
normal areas are almost equal in depth wad there 
is hardly any visible contrast (Grade 4-5). This 
state of affairs continues for a boiling time of 1 h, 
but when this is prolonged to 4 h a slight negative 
contrast (Grade 4-5) is seen, the abraded area being 
then visually lighter than the normal area. On the 
other hand, Naphthalene Red EAS (C.I. Acid Red 
13) starts at 60°C to exhibit a strong positive 
contrast (Grade 2), which persists even after the 
temperature has been raised to the boil and 
boiling continued for 4 h, although the contrast is 
then much less marked (Grade 4-5). Thus, whereas 
Propolan Yellow 3G gives coverage of the fault 
after boiling for 1h with, on further boiling, 
production of a slight negative effect, with Naph-. 
thalene Red EA, boiling for as long as 4 h will not 
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Taste I 


Colour Index Maximum Time and temperature of assessment 
o. dyeing 6o°c «80°C «(90°C 100°C 10min at 30 min at lh at 4hat 
0.1. ACID temperaturet final final final final 
(°C) temperature temperature temperature temperature 
—§ 


Lissamine Fast Yellow 2G Yellow 17 A 3-4 


Propolan Yellow 3G (ICI) 90 3-4 
3 
3 


OO 


100 
Tartrazine K Yellow 27 


io o 


Tartrazine N Yellow 23 
Lissamine Fast Yellow AE Orange 3 


awn 


| oe Goce Gri Sten Wee 


Naphthalene Fast Orange 2G Orange 10 


Naphthalene Scarlet R Red 26 
Croceine Scarlet 3B Red 73 


rw rw 
i oo oe 


Naphthalene Red J Red 88 


o 


Naphthalene Red EA 


oo 


Naphthalene Scarlet 4R 


tore cote af on of aon 


Azo Geranine 2G Red 1 


Propolan Red 3G Red 57 
Lissamine Fest Red 4G Red 30 


io 
Lal 


Carmoisine W Red 14 


oe & & por 


reo rw rw re rw 
Oo 


— 
Fro fe o- 


Solway Rubinol R Red 80 


To 


Lissamine Red 6B Violet 7 


a 


on 
af 


Naphthalene Bordeaux B Red 17 
Lissamine Red 7BP Violet 5 


Lissamine Fast Red B Red 37 


Lissamine Fast Violet 2B Violet 41 


o 


Lissamine Violet 2R Violet 1 
Lissamine Violet 10B Blue 13 
Solway Purple R Violet 43 
Lissamine Blue BF Blue 18 


3 
2 
3 
2 
3 
4 
2 


Solway Blue RN Blue 47 
Solway Blue BN Blue 45 


— 


Lissamine Ultra Blue AR Blue 71 


Lissamine Ultra Sky R Blue 67 
Solway Blue A Blue 69 
Solway Blue 2G Blue 40 
Solway Blue PFN (ICI) 

Disulphine Blue AN 

Disulphine Blue FFN 


onl 


Lissamine Green BN 
Disulphine Green B 
Naphthalene Green G 


a 


Lissamine Green V 

Lissamine Navy FK (ICT) 

Lissamine Navy AN (ICI) 

Lissamine Navy Blue FG (ICT) 
Naphthalene Black 12B Black 1 
Naphthalene Blue Black C Black 41 


TT 


* Shows negative contrast, {.e. abraded areas less heavily dyed than normal ones. 
+ Normal assistants used. 
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100 
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90 
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Red 13 90 
100 
90 
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100 
90 
100 
90 
100 
90 2 
ae 100 2 3 5 
90 2 2 2 3 3+ 
aes 100 2 5 ill 
90 2 3 3-4 4-5 5 
100 ‘ 6 
Bea 90 1 1 1 2 
ESS 100 2 3-4 4-5 
a 90 1 1 2 3-4 4-5 
~ ia 100 3 45 5 4-5° 
mh 90 1 2 3 4 4 5 
90 1 1 1- 2 3 3-4 
100 2 3 4 5 
90 1 2 3 4-5 4-5 5 ' 
en 90 1 2 2 3 4 : 
4 100 3 5 5 
ioe eC 90 1 2 2 3-4 5 
100 4 5 4-5* 
ees 90 2 84 4 5 5 5 
100 4-5 5 45° 4° 
ae 90 1 1 2 3 3-4 4 
100 2 5 5 5 
eon ee 90 2 3 4 4 4-5 5 
100 1-5 5 +-5° 
90 1 3 4 
ine 100 8 5 5 
at 100 2 4 4-5 
7 90 2 5 
100 3-4 + 4° 
3 ie Green 50 90 1 2 3 4-5 5 5 
4 100 3 4 5 5 5 
fro Green 9 90 1 1 2 3 4 + 4-5 
Pea 100 3 4-5 5 5 
Were Green 8 90 1 1 2 3 4 4 4-5 
oN 100 3 4 5 5 5 
Seek 90 1 2 3 4-5 5 5 
; ee 100 3 5 5 5 
90 34 4 45 
100 3 4 4-5 5 
er 90 1 2 3 8-4 4 4-5 
ae 100 3 4 4 4-5 
prietish 90 1 2 3 3-4 4 4-5 
aan 100 3 3-4 4 5 
ne 90 1 2 3 4 4 5 
100 3 +5 45 5 
Sh ae 90 1 2 3 4 45 5 
100 3 4-5 4-5 45 
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orc 80°C | 100°C; 30min th 

90°C 10min 
Time/Temperature of dyeing 


@® Propolan Yellow 3G x Naphthalene Red EA 
Fie. 1— Coverage of abrasion faults in dyeing 


result in the production of a level dyeing, the 
abraded areas always being more heavily dyed 
than the normal areas. 

Table I shows that the contrast between the 
abraded and unabraded areas is large in the early 
stages of dyeing, the amount of dye adsorbed by 
the abraded areas appearing to be greater than that 
adsorbed by the normal areas. As the time of 
dyeing increases, the contrast decreases until a 
level dyeing results, in most cases in less than 4h. 
Levelness is achieved more rapidly at 100°C than at 
90°C, as would be expected. With a number of 
dyes, prolonged boiling results in a further, but 
reversed, contrast being produced. 

Some experiments were carried out to interpret 


these results quantitatively. Three dyeings were 
taken during the early stages of the dyeing opera- 
tion when large positive contrasts were noted and 
three dyeings were also taken after boiling for 4h 
where negative contrasts were obtained. The sur- 
face hairs were removed from the abraded and non- 


abraded areas with a scalpel. The amount 
removable from the abraded areas was approx. 
10 mg. Equal weights of fibre from the abraded 
and unabraded areas were taken and the colour 
was removed by extraction with 10 ml of 25% 
aqueous pyridine. After filtering the solution 
through a sintered glass filter to remove the fibres, 
the dye content of the extracts was measured on a 
Unicam SP 600 spectrophotometer. The results 
obtained are given in Table II. 

These results show conclusively that in the 
initial stages of dyeing the abraded areas of the 
fibre are in fact taking up more dye than the normal 
areas, and the visually observed effect is a real one. 
On the other hand, for those dyeings carried out 
for a long time at the boil, where visually slight 
negative effects were observed, the amounts of dye 
on the abraded and unabraded portions of the 
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material are identical, and the observed effect is 
therefore an optical one due to fibrillation of the 
fibres in the abraded areas. 

As far as practical dyeing is concerned, the results 
so far presented are of considerable importance. 
In a normal winch machine, although the liquor in 
the stuffing box may be boiling vigorously, the 
temperature of the liquor at the back of the 
machine will be only about 90°C. Thus, when the 
cooling effect of the cloth passing over the winch 
reel is also taken into account, the average cloth 
temperature is approx. 91-92°C and never 
approaches 100°C. The figures given in Table I show 
that at 90°C a very much longer time is required to 
achieve coverage of a standard abrasion fault than 
at 100°C. Thus, under normal winch-dyeing 
conditions the choice of dyes can also exert a 
profound influence on the ease of achieving 
covering of abrasion damage, and even at 90°C on 
prolonged dyeing it may be possible to obtain 
reversal of the contrast. 


Effect of Dye Constitution 

From the results given in Table I for dyeing at 
100°C it is possible to classify dyes according to the 
time taken to cover the abrasion fault (see Table 
III). Because of the much lower rate of coverage 
at 90°C, classification at the lower temperature is 
more difficult. 

This classification is reasonably well defined, 
and shows clearly the wide variation in the ability 
of level-dyeing acid dyes to cover abrasion damage 
at 100°C. From the practical point of view, two 
factors enter into play— (a) the relative initial 
strike of the dye on the abraded and normal areas 
of the material and (6) the ability of the dyes to 
migrate during boiling and thus level out the 
initial differences in strike. Consideration of 
Tables I and III suggests that migration is the 
more important of the two factors. This follows 
from the fact that, with all but six dyes, the 
contrast at 60°C between the abraded and un- 
abraded areas is Grade 1 or 2, indicating a very big 
difference in initial adsorption of dye. Even when 
the temperature has reached 100°C, only ten dyes 
have reached a contrast of 4 or better, and of these 
six were those which at 60°C showed a lower 
contrast than 2 between the abraded and un- 
abraded areas. In spite of this, about half the dyes 
examined gave level dyeings after boiling for only 
30 min, showing how quickly levelness could be 
achieved when migration was possible. 

The ability of a level-dyeing acid dye to cover 
chlorination damage or tippiness is related to its 
degree of sulphonation. There appears to be a 
similar close relation between sulphonation and 


Taste II 


Dye 


Naphthalene Scarlet 4R 
Lissamine Violet 2R 
Disulphine Blue AN 
Propolan Red 3G 
Lissamine Ultra Blue AR 
Solway Blue RN 


Time and temperature 
of dyeing 

10 min at 90°C 

10 min at 80°C 

10 min at 80°C 

4h at 100°C 
1h at 100°C 
4h at 100°C 


Dye on abraded wool 
Dye on normal wool 


al 
718 
4 
8 3 30 
i 
4h at 
100°C 
\ 
1-60 
5-0 
2-9 
1-01 
0-99 
1-00 


Group 1 
Lissamine Fast 
Yellow AE 

Propolan 
Yellow 3G 


Naphthalene 
Fast Orange 2G 


Propolan Red 3G 
Solway Rubinol R 
Solway Purple R 
Lissamine Fast 
Violet 2B 


Group 2 
Lissamine Fast 
Yellow 2G 

Tartrazine K 


Azo Geranine 
2G 


Naphthalene 
Red J 


Solway Blue BN 
Solway Blue A 
Solway Blue PFN 
Lissamine Green 


Taste 


Group 3 
Lissamine Fast 
Red 4G 
Lissamine Fast 
Red B 
Lissamine Red 
Lissamine 
Violet 10B 
Disulphine 
Blue AN 
Disulphine 
Green B 
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Ability of Level-dyeing Acid Dyes to cover Abrasion Damage at 100°C 


Group 4 
Tartrazine N 


Naphthalene 
Scarlet R 


Carmoisine W 


Naphthalene 
Bordeaux B 


Lissamine Red 
7BP 

Lissamine Violet 
2R 


Lissamine Blue 
BF 


Group 5 

Naphthalene 

Red EA 
Croceine 

Scarlet 3B 
Naphthalene 

Scarlet 4R 
Lissamine Navy 

AN 


Naphthalene 
Blue Black C 


Solway Blue RN BN 

Lissamine Ultra Naphthalene 
Sky R Green G 

Disulphine Blue Lissamine Green 
FFN ¥ 


Solway Blue 2G 
Lissamine Ultra 
Blue AR 
Group 1 level after 10 min at 100°C 


Group 2 level after 30 min at 100°C 
Group 3 level after 1h at 106°C 


ability to cover abrasion damage. Thus, all the 
dyes in Group 1 of Table III (with the exception of 
Naphthalene Fast Orange 2G) are mono- 
sulphonated. Group 2 contains only two mono- 
sulphonated dyes, the rest being dyes which are 
either disulphonated or are triphenylmethane 
(rpm) dyes. Group 3 contains no monosulphonated 
dyes, but a mixture of Tem dyes and disulphonated 
dyes. In Groups 4 and 5, all the dyes contain at 
least two sulphonate groups. This is illustrated 
graphically in Fig. 3. 


3 


dyes in group 


Mean degree of sulphonation of 


3 
Dye grouping 


Fig. 3— Relation between degree of sulphonation of dye and 
ability to cover abrasion damage at 100°C 


Monosulphonated dyes as a group are, therefore, 
better able to cover abrasion damage than the 
polysulphonated ones; in general, the classification 
in Table III agrees with that provided by Town- 
end™ for the coverage of mixtures of chlorinated 
and normal wool. 


Compatibility in Mixture Dyeings 
At this stage, discussions with piece dyers showed 
that the results obtained did not correspond with 
bulk experience with a number of important dyes. 
Since, under normal dyeing conditions, it is unusual 


Lissamine Navy 
FK 


Lissamine Navy 
Blue FG 


Naphthalene 
Black 12B 


Group 4 level after 4h at 100°C 
Group 5 NOT level even after 4h at 100°C 


to employ only one dye, it was thought that the 
apparent lack of agreement might result from the 
effect of dyeing with binary or ternary mixtures. 
To investigate this possibility, a fawn dyeing was 
made hy means of yellow, red, and blue dyes. The 
yellow and red were chosen from Group 2 
(Table III) and were unchanged throughout the 
experiment. The blue component was varied and 
included both mono- and di-sulphonated dyes from 
Groups 1 and 2. In addition, a lilac shade was 
produced by means of a violet dye and two dif- 
ferent red dyes. Dyeing was carried out at 90°C 
by the method already described; the results are 
given in Table IV. 

A very important effect is revealed by these 
results. In mixture dyeings the dye classification 
(and therefore the degree of sulphonation) deter- 
mines the value of the recipe in covering abrasion 
faults. For example, with the three fawn shades 
which give on-tone dyeings (No. 5, 6 and 7) and 
lilac 2, which behaves similarly, the dyes used in 
the individual recipes are all of the same degree of 
sulphonation. Thus, in lilac 2, both dyes are 
monosulphonated, in fawns 5 and 6 they are 
disulphonated, and in fawn 7 the three dyes are 
monosulphonated. With the combinations that 
give off-tone dyeings, the dyes in the mixture are 
of different degrees of sulphonation. 

Thus, to achieve a compatible combination, dyes 
should be chosen from the same group, which 
generally means they must have the same degree 
of sulphonation. The reason for this choice is the 
need to select dyes which have similar rates of 
strike on the abraded and unabraded areas, and 
similar rates of migration at the boil. 

This observation is of the greatest importance 
for the formulation of dyeing recipes, and the 
apparent contradictions between bulk experience 
and the initial work described in this paper are 
resolved when it is borne in mind. 
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Taste IV 
Effect of Time and Temperature on Covering of Abrasion Damage in Mixture Dyeings 


Shade Recipe 


Time and temperature of dyeing 


60°C. 80°C min min lh 4h 


Fawn 1 0-25% Lissamine Fast Yellow 2GS 1 
Azo Geranine 2GS 
0-065% Lissamine Ultra Blue ARS 


Fawn 2 0-26% Lissamine Fast Yellow 2GS 1 
012%, Azo Geranine 2GS 
0-048% Lissamine Fast Violet 2BS 


Fawn 3 0-22% Lissamine Fast Yellow 2GS 1 
0-15% Azo Geranine 2GS8 
0-075% Solway Blue 2GS 


Fawn 4 0-25% Lissamine Fast Yellow 2GS l 
0-14% Azo Geranine 2GS 
0-055, Lissamine Ultra Sky RS 


Fawn 5 0-25% Lissamine Fast Yellow 2GS i 
Azo Geranine 2GS 
0-046% Solway Blue PFN 

Fawn 6 0-27% Lissamine Fast Yellow 2GS 1 
0-15% Azo Geranine 2GS 
0-046% Solway Blue BN 150 


Fawn 7 0-49% Propolan Yellow 3GS 2 


0-20% Propolan Red 3GS8 
0-09% Solway Blue 2GS 


Lilae 1 0-26% Lissamine Fast Violet 2BS 2 


Azo Geranine 2GS8 


Lilac 2 0-26°% Lissamine Fast Violet 2BS 2 


0-10% Propolan Red 3GS 


Effect of Carbonising on Covering of 
Abrasion Damage 

Carbonising of woollen pieces may be carried 
out either before or after dyeing, but the former is 
usually preferred since it obviates the possibility 
of change of colour of dyed pieces. It was decided 
to determine whether carbonising b i any 
influence on the dyeing properties of abraded 
wool. To cover all possibilities, carbonising was 
carried out (a) on material that had already been 
abraded and (6) on normal material that was sub- 
sequently abraded. 

The material was immersed for 15min in a 
solution containing 50g/l. of sulphuric acid 
(168°Tw. [66° Bé]) at a liquor ratio of 20:1. After 
impregnation the material was passed in open 
width between a pair of power-driven squeeze 
rollers giving an expression of 100%. After being 
dried in an oven at 70°C the material was baked at 
105°C for 15 min. 

Dyeing tests were then made as follows. The 
carbonised material was wetted out for 15 min at 
40-45°C in water, at a liquor ratio of 30:1. The 
wetted-out material was then hydroextracted to 
100% regain and dyed (at a 30:1 liquor ratio) 
with the addition of dye only to the dye liquor. 
This pretreatment gave an acid content of 
approximately 3% in the material and no further 
addition of acid was necessary for normal dyebath 
exhaustion. The acid content of all material pre- 
treated by this method was uniform. The results 
obtained with a range of dyeings are given in 
Table V. 


at 90°C at 90°C at 90°C at 90°C 
1 2 2 2 3 3-4 
Abraded areas redder than unabraded 


1 2 2 bi 3 3-4 
Abraded areas redder than unabraded 


1 2 2 3 3 4 
Abraded areas redder than unabraded 


1 2 2 2 3 34 
Abraded areas redder than unabraded 


1 2 3 3 4 45 
Abraded areas on tone with unubraded 


1 2 2 3 3-4 4 
Abraded areas on tone with unabraded 


2 3 3-4 4 4-5 5 
Abraded areas on tone with unabraded 


2 2 2 2 3-4 344 
Abraded areas redder than unabraded 
2 2 3 3-4 4 5 


Abraded areas «n tone with unabraded 


The relation between carbonising and abrasion 
is immediately seen to be important. If carbonising 
takes place before abrasion, subsequent dyeing 
gives a result which is slightly inferior in contrast 
to a dyeing on material which has only been 
abraded. On the other hand, if the material 
i. abraded and subsequently carbonised, more 
rapid covering of the original abrasion fault results 
when the material is subsequently dyed. This 
behaviour is consistent throughout the series. It 
seems that where the material is carbonised first, 
uniform damage is caused. When the material is 
subsequently abraded, further local degradation is 
caused to the already damaged surface and this is 
reflected in the decreased ability of dyes to cover 
the fault. Where the material is originally abraded, 
however, subsequent overall damage during car- 
bonising reduces the difference in the degree of 
damage between the abraded and non-abraded 
areas, and this is reflected in dyeing by the more 
rapid achievement of a uniform dyeing. 


Relation with other Effects observed on 
Wool 

One of the most important questions posed by 
the results already described is: ‘‘What is the effect 
of abrasior on the wool fibre surface?”’ Experi- 
ments have been carried out to provide an answer 
to this query and an explanation for the observed 
effects in dyeing. 

The fact that, in the initial stages of dyeing, 
material that had been abraded adsorbed dye more 
rapidly than unabraded material suggested that the 
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2— Coverage of abrasion faults on dyeing 


FIG. 4— Cross-section through normal portion of fabric ( < 225) hia. 5 — Cross-section through abraded portion of fabric ( » 225 
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Fic. 6— Deeply dyed, fibrillated fibres ( x 750) 


- Longitudinal sections of fibres from abraded areas F1G. 8— Longitudinal sections of fibres from abraded areas 
after dyeing at 60°C (x 280) after dyeing at 90°C (x 280) 
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Fig. 9— Microphotograph of “anomalous” abraded fibre (« 600) 
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TaBLe V 


Effect of Carbonising on Covering of Abrasion Damage 


Dye 


0-25%, 


Lissamine Fast Violet 2BS 
Azo Geranine 2GS 


0-255% 
0-08% 


Lissamine Fast Yellow 2GS 
Azo Geranine 2G8 
Solway Blue PFN 


Lissamine Fast Yellow 2GS 
Azo Geranine 2GS 
Lissamine Ultra Blue ARS 


Lissamine Fast Yellow 2GS 
Azo Geranine 2GS 
Solway Blue BN 150 


Lissamine Fast Yellow 2GS 
Coomassie Violet 2RS 


0-25% 
0-14%, 
0-046% 
0-25% 
0-14% 
0-065°%, 
0-27%, 
0-15%, 
0-046% 
0-25%, 
0-07%, 


Processing sequence 


Lissamine Fast Violet 2BS Control (normal dyeing) 
Abrade then carbonise 
Carbonise then abrade 


Control (normal dyeing) 
Abrade then carbonise 
Carbonise then abrade 


Control (normal dyeing) 
Abrade then carbonise 
Carbonise then abrade 


Control (normal dyeing) 
Abrade then carbonise 
Carbonise then abrade 


Contrast between abraded and unabraded areas 
60°C 80°C 90°C 10min 30min lh 4h 
at 90°C at 90°C at 90°C at 90°C 


to no bo 


3 
3 
3 


} (normal dyeing) 
Abrade then carbonise 
Carbonise then abrade 1 


Control (normal dyeing) 1Y 2Y 
Abrade then carbonise 3Y one 


3-4Y 45 


Carbonise then abrade 1Y 2Y : 3Y 


fibre had been made more hydrophilic. To measure 
this effect, the contact angles of normal and 
abraded wool fibres at an oil-water interface were 
measured by a method previously described ™. 
The mean contact angles (average for 50 fibres) 
are—normal fibres 145+ 5°, abraded fibres 
105 + 5°. The difference between the contact 
angles is significant and implies that abrasion makes 
the fibre surface more hydrophilic. The difference 
in contact angle is similar to that already 
reported ' between the undyed and dyed areas of 
tippy-dyeing loose wool. 

It was thought that this difference would also be 
observed in times of wetting. When the fabrics 
were spotted with water, although differences in 
wetting were apparent, the time taken to wet 
even the abraded areas was very long. The use 
of mixtures of water and ethyl alcohol was there- 
fore investigated and was found to give more 
rapid wetting. Drops of known size of 30% ethyl 
alcohol in water were dropped on to norma] and 
abraded wool and the times to wet out were 
measured. The abraded material was wetted 
out in 2s, whereas the unabraded took 33 s to wet 
out. 

It should be pointed out that whereas 30%, ethyl 
alcohol in water was needed with the samples of 
dyed serge examined, with other materials the 
amount of aleohol may need to be varied owing to 
differences in physical characteristics. For example, 
at prolonged dyeing times, the proportion of 
alcohol had to be reduced in order to maintain 
approximately the same time of wetting of a 
sample of serge. This effect is probably caused by a 
gradual increase in the hydrophilic properties of 
the fibre surface with increased dyeing time. 

Samples of cloth and the yarns and fibres from 
this material were examined microscopically. Fig. 4 
and 5 show cross-sections through normal and 
abraded portions of the fabric. The latter shows the 
presence of heavily dyed, damaged fibres on the 


periphery of the yarn. No such damaged and 
heavily dyed fibres are visible in cross-sections of 
the normal fibre. Fig. 6 shows deeply dyed, 
fibrillated fibres on the yarn periphery with parts 
of the fibres broken away. Fig. 7 and 8 show 
longitudinal sections of fibres taken from abraded 
areas of the fibre after dyeing at 60 and 90°C. The 
extent of fibrillation and modification of the fibre 
surface are clearly visible. In Fig. 7, the scale 
structure on one side of the fibre is intact and shows 
little dyeing; the opposite surface, which is heavily 
dyed, shows an almost complete absence of scales. 
Fig. 8 is of an abraded fibre dyed at 90°C and shows 
the breaking away of portions of the fibre surface 
and penetration of dye into the fibrillated areas. 


The evidence presented indicates that abrasion 
causes marked changes in the surface 
characteristics of the wool fibre. Scale removal and 
fibrillation are accompanied by increased ease of 
wettability of the fibre surface and a decrease in 
the contact angle at an oil—water interface. It is 
suggested that this effect is similar to that already 
reported for tippy-dyeing loose wool, and the 
results of dyeing experiments on abraded wool run 
parallel to those already reported on tippy-dyeing 
wool. It would be expected that the increased 
surface area available, combined with a more 
hydrophilic character, would result in increased 
adsorption of dye. 


It is reasonable to expect, therefore, that the 
effect of adding cationic dyebath auxiliaries to dye- 
baths used for dyeing abraded wool would yield 
results similar to those observed with tippy-dyeing 
wool. In this case, addition of cationic agents 
caused a decrease in the differences in dye uptake 
between the tip (hydrophilic) and root (hydro- 
phobic) portions of the fibre and resulted in the 
production of more uniform dyeings. Experiments 
were therefore undertaken to investigate the effect 
of this type of agent in the dyeing of abraded wool. 
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Effect of Dyebath Auxiliary Agents on 
Covering of Abrasion Damage 

Lissolamine A 50°, (cetyltrimethylammonium 
bromide) has been shown to be effective in mini- 
mising the differences in dyeing behaviour between 
the tips and roots of wool fibres. It was therefore 
selected as one of the agents for examination in 
connection with the covering of abrasion damage. 
An objection to the practical use of this agent is 
that with some acid dyes precipitation of a dye— 
agent complex of low solubility can occur. In 
order to overcome this, a non-ionic dispersing agent, 
e.g. Lubrol W, may be added to the dyebath. 
Dispersol CWL provides a typical example of a 
cationic auxiliary agent which does not yield an 
insoluble dye-agent complex. 

Tests were carried out to determine the effect of 
(a) 3% Dispersol CWL, and (b) 1% Lissolamine A 
50%, 1% Lubrol W in the covering of abrasion 
damage. The dyebath was set at 40°C with the 
requisite amounts of dye, 3° sulphuric acid 
(168°Tw.), and auxiliary agent. The abraded wool 
was introduced at 40°C, the temperature raised to 
90°C over 25min and held there for varying 
periods, Samples of dyed wool were removed at 
appropriate intervals and the contrast observed 
between the normal and abraded areas assessed 
as before. The results are given in Table VI. 

The effect of the auxiliary product will be 
immediately obvious from these results. The 
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achievement of solidity of dyeing between the 
abraded and unabraded areas of the material occurs 
much more rapidly in presence of the cationic 
dyebath auxiliaries. This effect is to be expected 
from the work already described on the surface 
properties of abraded wool. 

As a result of these observations, a method is 
now available to the practical dyer to enable 
him to overcome the difficulties which he pre- 
viously encountered when dyeing woo] which had 
suffered abrasion damage. 


Effect of Wool Quality on Abrasion 
Damage 

During discussions with wool dyers on the 
subject of damage to wool during processing, one 
topic recurred constantly. This was the effect 
of wool blends on the frequency of unlevelness, no 
matter whether this could be attributed to car- 
bonising, abrasion, or other factors. It was 
generally claimed that lowering of wool quality 
caused increased difficulty in dyeing. In view of 
the widespread concern expressed on this particular 
topic, it was decided to carry out a limited amount 
of work on this problem in connection with abrasion 
damage. There were available a number of samples 
of wool yarn, all spun to the same count, whose 
quality was known. The types of wool and the 
distribution of fibre diameters are given in Table 
Vil. 


Taste VI 
Effect of Cationic Dyebath Auxiliary Agents on Covering of Abrasion Damage 


Auxiliaries 


Dye 


None 
3% Dispersol CWL 
1% Lubrol W 


Propolan Red 3GS 


1% Lissolamine A 50% } 


None 
3% Dispersol CWL 
1% Lubrol W 


Naphthalene Red JS 


1% Lissolamine A 


None 
3% Dispersol CWL 
1% Lubrol W 


Naphthalene Red EAS 


Contrast between abraded and unabraded wool 
60°C 80°C 90°C 10min 30min lh 4h 
at 90°C at 90°C at 90°C at 90°C 
3 4 4 5 
5 5 5 5 


2 
3-4 
4 5 5 5 5 


3 3-4 5 
5 
5 


4-5 
bas 


1% Lissolamine A 50% } 


None 
3% Dispersol CWL 
1% Lubrol W 


Naphthalene Scarlet 4RS 


1% Lissolamine A 50% 


None 
3% Dispersol CWL 
1% Lubrol W 


1% Lissolamine A 50%, 


Lissamine Fast Violet 2BS None 
Azo Geranine 2GS 
3% Dispersol CWL 


Lissamine Fast Violet 2BS None 


Propolan Red 3GS 
3% Dispersol CWL 


None 


3% Dispersol CWL 


Lissamine Ultra Sky RS 
Coomassie Violet 2RS 
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Taste VII 
Range of Fibre Diameters in Different Yarn Samples (spun to 2/16s count) 


Sample 
No. 


Wool type 


and preparation < 20 


52s prepared N.Z. 

58s carded Australian 

46s carded BA 

54s prepared English 

56s prepared N.Z. 

48s prepared English 

50s prepared N.Z. 

64s prepared Australian 8 


ao, Oh 


These samples have been arranged roughly in 
order of mean fibre diameter and range from 44-2 
to 26-6 in mean diameter and include both 
woollen- and worsted-spun yarns. The nominal 
quality covers a very wide range from 46s to 64s so 
that there are, as will be seen from Table VII, 
large variations in the distribution of fibre 
diameters in the different samples. 


Because of the limited amounts of yarn available 
it was not possible to prepare woven cloths, but 
knitted panels incorporating a rib structure, to 
impart as much dimensional stability as possible 
to the fabric, were prepared under controlled 
conditions. Samples of the knitted fabric were 
abraded and subsequently dyed under a variety of 
conditions with two- and three-colour combina- 
tions. Samples of each of the eight fabrics were 
dyed together in the same dyebath. The results 
obtained are detailed in Table VIII. 


Here again the significant effect of Dispersol 
CWL in improving the covering of abrasion damage 
is seen, and a general pattern seems to emerge. 
Samples 3 and 6 tend to show less contrast between 
abraded and unabraded areas than the rest of the 
samples, and samples 1 and 8 greater contrast and 
less sensitivity to time of dyeing than the 
remainder. Samples 3 and 6 are of 46s and 48s 
quality, whereas samples 1 and 8 are of 50s and 
64s quality, respectively. There is, therefore, no 
evidence of any direct relation between mean fibre 
diameter and the sensitivity of the fibre to abrasion 
damage or the ease of covering of this type of 
damage. 


Percentage of fibres of diameter (,) 
20-29 


Mean fibre 
diameter 
(#) 

11-5 44-2 
§-2 40-8 
1-3 36-1 
1-4 
1-8 33-2 

34:1 
0-4 33-6 
26-6 


30-39 840-49 560-59 > 59 


24-9 
31-0 
44-6 
40-2 
33-1 
38-25 22-75 
468 17-6 

32-2 3-0 


35-1 
35-4 
26-3 
20-4 
19-3 
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Relation of Artificial Laboratory Abrasion 
Damage to Practical Problems 

In all the tests so far described, abrasion has been 
carried out in a standard manner using No. | glass- 
paper as the abrading medium. This was used to 
obtain a standard rub which was reproducible and 
is obviously divorced from the conditions likely to 
be encountered in practice. Under practical 
conditions, abrasion of piece goods is most likely 
to be caused in (a) milling machines, (6) dolly- 
scouring machines, and (c) winch-dyeing machines. 
Abrasion would normally occur wet. under either 
acid or alkaline conditions and would be caused 
by either (a) wool-to-wool friction, or (b) wool-to- 
machine surface friction. 


Experiments were therefore designed to deter- 
mine whether wool—wool rubbing under wet acid 
or alkaline conditions would give effects similar to 
those obtained by rubbing with dry glass-paper. 
Samples of wool serge were abraded by the 
methods— 

(1) Normal, dry, 50 rubs with No. 1 glass- 
paper 

(2) Serge wetted out in boiling water, 
abraded with grade 150 wet-or-dry paper (Min- 
nesota Mining and Mfg. Co. Ltd.)— 25 rubs 

(3) Serge wetted out in boiling water and 
abraded with serge— 200 rubs 

(4) Serge wetted out by boiling for 15 min 
with 3°, sulphuric acid, 10% Glaubers salt, 
abraded wet with serge— 200 rubs 


Taste VIII 
Effect of Wool Quality on Covering of Abrasion Damage 


Dye recipe 


Lissamine Fast 
Yellow 2GS 
0-12% Azo Geranine 2GS 
0-048°%, Lissamine Fast 
Violet 2BS 


0-26%, 


3% Sulphuric acid 
3% Dispersol CWL 


3% Sulphurie acid }a h at 90°C 4R 


3% Dispersol CWL 


Lissamine Fast 
Yellow 2GS 

Azo Geranine 2GS 

0-046%, Solway Blue PFN 


0-25% 


3%, Sulphuric acid 
3% Dispersol CWL 
3% Sulphuric acid 
3% Dispersol CWL 


Dyeing conditions 


3° Sulphuric acid, 10 min at 90°C 
3%, Sulphuric acid, 1 h at 90°C 


} 10 min at 90°C 


at 90° 


Contrast between abraded and non-abraded 
areas 
Wool sample 
2 3 4 5 6 7 


IR 3R 3R 3R 2R 
3R 34R 3R 3R 3-4R 2R 


34R 4R 34R 3-4R 4R 3R 


45R 4-5R 4-5R 


3% Sulphuric acid, 10 min at 90°C 2R 2R 2R 2R 
3% Sulphuric acid, 1 h at 90°C 2R 4R 4R 3R 2R 


}10 min at 90°C 


45 45 4 .34 


3-4 45 45 45 4 
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Taste IX 


Effect of Different Abrasion Treatments on Dyeing with 
0.25% Lissamine Ultra Blue ARS 


Abrasion method 


(details in text) 60°C 80°C 90°C 
Method 1 1 2 2 
Method 2 1 2 2 
Method 3 1 2 2 
Method 4 1 2 2 
Method 5 1 2 3 


(5) Serge wetted out for 15 min at 50°C with 
5 g/l. soap flakes, 2g/l. soda ash, abraded wet 
with serge— 200 rubs. 


Samples of material abraded by these five 
methods were then dyed with 025°, Propolan 
Red 3GS8 and 3°, sulphuric acid, dyeing being 
started at 40°C, the temperature raised to 90°C 
and held there for 10 min. In all cases a Grade 4 
contrast was obtained, indicating that similar 
degrees of abrasion were being obtained by each of 
the abrasive methods. 


Dyeings were therefore prepared using 0-25% 
Lissamine Ultra Blue ARS, samples being taken at 
60, 80, and 90°C, and at various times of dyeing 
at 90°C up to 4 h to see whether, over the whole 
dyeing operation, similar effects were obtained. 
The results are given in Table IX. 


Thus, so far as abrasion of wool with wool is 
concerned, acid, alkaline, and neutral conditions 
all produce similar effects on dyeing properties. 
It is clear that serious effects can be obtained under 
all these pH conditions and could give rise to 
difficulties in dyeing. Microscopical examination of 
the surface fibres showed no differences in 
characteristics between the samples abraded with 
wool. Whilst the achievement of solidity of shade 
takes the same time as with wool abraded dry with 
glass-paper, after boiling for 30 or 60min the 
material abraded with wool gives slightly improved 
coverage compared with that abraded with glass- 
paper. Wool abraded wet with grade 150 wet-or- 
dry paper behaved similarly to that abraded dry 
with glass-paper. It is concluded therefore that the 
result obtained should give a basis for bulk working 
where wool has been abraded by contact with other 
wool material. 


In all the work so far described, “‘positive” 
effects (i.e. abraded areas are dyed more heavily 
than the unabraded) have always been obtained, 
except in a very small number of cases when pro- 
longed dyeing times have been used. It has recently 
been reported that when fabrics are rubbed 
against corroded or pitted stainless steel, scuff or 
abrasion marks may be formed. It is stated that 
these marks appear lighter in depth as though less 
dye had been adsorbed, and that “shedding” of 
the fibre surface has caused the fibre to reflect 
more light and the dyeing to appear weaker. This 
agrees with our observation on the abrasion of 
dyed wool, where the abraded area appeared 
weaker than the unabraded areas. There is, how- 
ever, no information on the effect of rubbing against 
pitted stainless steel on the dyeing properties of 
the rubbed material. 


Contrast between abraded and unabraded wool 


10min 30min lh 4h 
at 90°C at 90°C at 90°C at 90°C 
3-4 3-4 5 

3 3-4 34 4-5 

3 4 4-5 5 

3 4 45 5 

4 4 4-5 5 


This is a subject which has been omitted from 
the present work, but in one particular case of 
abrasion a “negative” contrast was produced. 
When a sample of wetted-out serge was abraded 
with Grade 320 wet-or-dry paper and subsequently 
dyed with 0-25% Lissamine Ultra Blue ARS, the 
abraded area was found to dye more weakly 
(Grade 2) than the unabraded area. This persisted 
even after dyeing for 1 h at 90°C, and when the 
dyeing was prolonged to 4 h at 90°C, levelness was 
still not achieved, the abraded area still being 
slightly weaker (Grade 4-5) than the unabraded 
area. This result was so completely different from 
all those previously obtained that the abrasion 
and dyeings were repeated; identical results were 
obtained. Microscopical examination of these 
abraded fibres showed that the effect was different 
from that found previously. Small particles of 
some substance appeared to surround many of 
the fibres and the absence of dyeing appeared to be 
associated with this phenomenon. This effect is 
shown in Fig. 9, which is a photomicrograph of this 
type of abraded fibre. 


Conclusions 


From the work described the following conclu- 
sions may be drawn— 


Abrasion of wool, either wet or dry, can result in 
difficulties in dyeing. When abrasion takes place 
before dyeing, a positive contrast usually results, 
i.e. the abraded areas dye initially more heavily 
than the unabraded areas. The longer the dyeing 
time and the higher the dyeing temperature, the 
easier will be the covering of the initial fault. In 
some cases, after prolonged dyeing at 100°C a 
positive contrast may reverse and the abrasion 
is seen as a light area, i.e., a negative contrast. 
When abrasion takes place after dyeing, negative 
contrast results, owing to an optical effect caused 
by fibrillation of the fibres. 

Rubbing of wool against wool produces an effect 
identical with that obtained on production of 
abrasion faults by artificial means, using glass- 
paper or other abrasives. Thus, in addition to 
any trouble encountered in practice due to the 
rubbing of wool against rollers in dolly scourers or 
milling machines, the contact of pieces with one 
another in this type of machine or even in ordinary 
winch-dyeing machines may also give rise to 
dyeing difficulties. 

The time of dyeing required to achieve solidity 
of shade on abraded wool varies widely from dye to 
dye, and the most important factor of dye con- 
stitution affecting the ease of covering of abraded 
wool is the degree of sulphonation of the dye. It is 
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suggested that, in order to achieve the most success- 
ful practical dyeing results, when mixture dyeings 
are being made, dyes of similar degrees of sulphona- 
tion should be used. Monosulphonated dyes are, in 
general, more satisfactory than polysulphonated 
dyes. 
Addition of certain cationic dyebath auxiliary 
agents has a significant effect in increasing the rate 
at which solidity of shade is achieved on abraded 
wool with all acid dyes. Dispersol CWL is partic- 
ularly effective for this purpose. 
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Mr. D. Martin: Have the lecturers examined 
the possibility of using coacervation methods in 
this field and, if so, what results have they 
obtained? 

Mr. Lemry: We have not carried out any 
experimental work on the possible use of coacerva- 
tion methods for the covering of abrasion or 
similar types of wool damage. Theoretically, 
there would appear to be no reason why such 
methods should not work, since the agent-rich 
phase will be more hydrophobic than the water- 
rich phase. Provided that the dye or dye—agent 
complex will pass into the agent-rich phase, this 
will result in the dye being able to give improved 
coverage of wool damage. 

Dr. G. H. Listzr: The position would appear 
to be that the abraded portion of the material is 
more accessible to dye at low temperatures and is 
therefore initially dyed darker; the subsequent 
events will be controlled by the efficiency of the 
migrating system. As the lecturers have carried 
out most of their work on level-dyeing acid dyes, 
for which the most efficient migrating system is 
that using Glauber’s salt, was there any special 
reason why tests using this levelling agent were 
not included in the work? 

Is any evidence available that cationic com- 
pounds of the type of Dispersol CWL will, in fact, 
complex with dyes of the type of Xylene Light 
Yellow 2G? 

In my experience abrasion faults in practical 
dyeing occur in two fields: (1) carbonised wool 
pieces, where the abrasion resistance has been 
reduced by carbonising and the efficiency of 
migration is so great with level-dyeing acid dyes 
plus Glauber’s salt that the practical fault formed 
is nearly always a “negative” one, and (2) with 
tightly twisted yarn in worsted pieces, where the 
use of faster dyes leads to a “positive’’ fault. 
Would the lecturers not agree, however, that the 
attainment of apparent solidity between abraded 


Discussion 


and normal portions of the wool is purely a matter 
of chance. When the migrating system is designed 
to give maximum efficiency, will this not always 
produce a “negative” fault! 

Mr. HapFieLtp: We would agree with Dr. Lister 
that the abraded areas of the material are more 
accessible to dyes at the start of dyeing and this 
will result initially in a strongly positive fault. We 
also agree that once this state of affairs has been 
achieved, the prcduction of a final level dyeing 
will be mainly dependent on the migration 
properties of the system. A consideration of the 
results given in Table I indicates that with many 
dyes at 90°C (the normal temperature achieved in 
an open winch) levelness is not achieved even after 
four hours’ dyeing. The reason, therefore, for 
using Dispersol CWL was to achieve an initially 
more uniform adsorption of dye so that the need 
for gocd migration was diminished. It is agreed 
that the addition of Glauber’s salt would reduce 
the time required to eliminate positive abrasion 
faults, but in our opinion it is still preferable to 
reduce the initial fault to a minimum by using a 
complexing agent. We have obtained direct 
evidence (based on partition experiments) that 
even strongly hydrophilic dyes, e.g. Lissamine Fast 
Yellow 2GS or Naphthalene Scarlet 4RS, form 
complexes with Dispersol CWL under acid 
conditions at low temperatures. 

Mr. A. J. Hatt: A long time ago I dyed 
indiv'dual wool fibres held under tension and 
surprisingly found that, unlike viscose rayon fibres 
dyed similarly, the wool fibres were more deeply 
dyed than when dyed without tension. This 
behaviour was attributed to the effect of disturbing 
or loosening the outer membranes of the wool 
fibres, thus diminishing their normal resistance to 
dye penetration. Abrasion apparently acts in a 
way similar to stretching in disturbing the fibre 
structure, and it would be interesting to know if 
individual abraded wool fibres dyed under tension 
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behave similarly to non-abraded fibres, as indicated 
above. 

Mr. Haprieip: We wish to thank Mr. Hall for 
his comments. We would agree with the explana- 
tion advanced to explain the deeper dyeing of 
loose wool fibres dyed under tension. 

Mr. R. J. Hannay: Are the effects described 
in this paper due solely to the action of abrasion 
on the wool itself or has the presence of residual 
oil or fat from the original wool or from the 
previous scouring operation any influence on the 
results obtained? In other words, would the same 
effects be noticed with wool that had been com- 
pletely solvent-extracted before abrasion and 
dyeing? 

Mr. Lemin: The effects described in the paper 
are the consequence of the action of abrasion on 
the surface of the fibre, i.e. the fibre becomes 
more hydrophilic in character and therefore more 
accessible to normal wool dyes. It would not be 
expected that different results would be obtained 
on fibres completely free from residual oil or grease 
and this has been confirmed with fully scoured and 
extracted material. 

‘Mr. D. Sims: How far do surface effects, e.g. 
root to tip variations, influence the dyeing of wool 
hanks at the boil with the faster types of dye! 

Mr. Hapriztp: The present work on abrasion 
has shown that the effect is similar to that observed 
on “tippy” wool. The use of hydrophobic dyes, i.e. 
those of low sulphonation, is to be preferred when 
dyeing wool that has been abraded or is tippy and, 
in gencral, the milling acid dyes tend to be more 
hydrophobic than level-dyeing acid dyes. Apart, 
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therefore, from any question of the inferior 
migration properties of milling acid dyes, they do 
tend in the initial stages of dyeing to show smaller 
differences in adsorption on different portions of 
the fibre than do level-dyeing acid dyes. Again, 
the use of cationic products, e.g. Dispersol CWL, 
gives improved results with milling acid dyes. 

Dr. Ir. H. C. A. van Beek: The lecturers 
mentioned measurements of contact angles at an 
oil—-water interface of normal and abraded wool 
fibres, as well as the wetting time with 30%, ethyl 
alcohol. 

The easier wettability of the damaged fibres 
seems to be an explanation for the fact that 
damaged parts of the fibres dye more quickly than 
the undamaged parts. The question then arises 
whether the addition of cationic agents to the dye- 
bath affects the wetting properties of the fibres. 
If such an addition reduces the difference in the 
wetting properties of damaged and undamaged 
fibres, this could also be an explanation for the 
levelling properties of cationic agents. Did the 
lecturers actually measure the wettability of 
normal and abraded wool fibres in presence of the 
cationic agents used? 

Mr. Lemin: We have measured the ease of 
wetting of the normal and abraded portions of wool 
dyed in the presence of cationic agents and find 
that the results parallel those given in the paper. 
It is suggested that the cationic agent does not 
affect differentially the wetting properties of the 
fibre, but rather is affecting the dyeing properties 
of the dyes, enabling more dye to be adsorbed by 
the normal areas of the material in presence of the 
agent than in its absence. 
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Effect of Dyeing and Related Processes on some Physical 


Characteristics of Wool 
J. N. C. B. Stevens, and C. 8. WHEWELL 


Values are given for the percentage reduction in the work to stretch wool fibres (°% RW) after various 
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treatments similar to those likely to be encountered in preparation and dyeing. Special attention is given 
to the changes brought about by solvent-assisted dyeing processes. In mild acid and alkaline treatments, 
low values are obtained if the temperature does not exceed 70°C, but above this temperature the % RW 
increases rapidly. Although under the conditions recommended for solvent-assisted dyeing the % RW is 
small, the presence of solvent increases the °% RW if fibres are treated for long times at high temperatures. 
This suggests that under these conditions irreversible changes are brought about by the solvent. Measure- 
ments of breaking load and extension of yarns treated under various conditions show that greater degrada- 
tion is produced when yarns are treated first in an acid solution and then in alkali than when the treatments 
are in the reverse order. This phenomenon was not observed in successive dyeing and sodium carbonate 
treatments. In these cases the tota] reduction in yarn tensile strength was considerably less than the sum of 


Introduction 

During processing, wool is subjected to a variety 
of wet treatments, including scouring, milling, 
carbonising, and dyeing. Scouring is carried out 
under alkaline conditions; milling under alkaline 
and sometimes acid conditions; carbonising under 
acid conditions; and dyeing under conditions which 
range from neutral or even very slightly alkaline 
to strongly acid. It has long been realised that 
during such treatments changes occur in the fibre, 
and the nature and extent of these changes have 
been studied by several workers '. 

Preliminary work in these laboratories had, 
however, suggested that the effect of successive 
treatments in acid and alkaline solutions depends 
upon the order of such treatments when they are 
different in character. It was therefore decided to 
determine quantitatively the effect of treating wool 
in solutions of sulphuric acid ranging in normality 
from 0-01 to 0-1 N and in buffer solutions of pH 
within the range 7-9-15. This was followed by an 
examination of the changes brought about by 
solutions similar to those used in commercial 
scouring and dyeing. 

In addition, the introduction of solvent-assisted 
dyeing processes based on the addition to the dye- 
bath of such solvents as benzyl alcohol prompted 
the study of the effect of these additions on the 
properties of the fibre. Evidence was already 
available to show that reduction in time or tempera- 
ture of dyeing, or in both, results in less adverse 
change taking place, and consequently the claim 
that time and temperature of dyeing can be 
reduced by adding solvents to the dyebath becomes 
more important because at the same time the 
desirable characteristics of the fibre are preserved. 
Quantitative information on the magnitude of the 
changes taking place is, however, not available and 
it was to rectify this situation that the present 
investigation was undertaken. 

Of the many ways suggested for estimating the 
degree of modification occurring in wool during 
processing, those based on measurement of 


physical properties, particularly breaking load and 


the reductions brought about by individual treatments, except where dyeing was carried out at pH 2. 


elongation of fibres, yarns, and cloths under 
standard conditions of temperature, relative 
humidity, and rate of loading are widely used 
because they are direct and sensitive. The 
behaviour of a single fibre is much less complicated 
than that of an assembly of fibres and determina- 
tion of the load-extension characteristics of single 
fibres often yields information of more fundamental 
significance. Measurements of the tensile strength 
and extensibility of yarns and cloth, are, however, 
often favoured in practice as they give useful 
information on properties which are often closely 
related to performance of the material. At the 
same time, they are comparatively easy to carry 
out, unlike measurements on single fibres, which 
require delicate apparatus and are time-consuming. 


Experimental 

(a) Loose wool: Single fibres These were 
obtained from a Lincoln fleece. The root ends only 
were used, 

(b) Yarn 3/12s Worsted wool yarn with 
3-4 turns/in. twist was used. 

(c) Wool serge, scoured and prepared for 
dyeing, was used as bulking material in the 
experiments on single fibres. 

Before use, all the materials were Soxhlet- 
extracted, first with ether for 24h and then with 
ethy! alcohol (64 O.P.) for 24h, and then washed 
in running tap water for 18h and in repeated 
changes of distilled water. Finally, they were 
conditioned at 22-2°C and 65% r-h. 


(d) Buffer solutions The buffer solutions 
used were as follows— 

pH Composition 

6-98 Disodium hydrogen phosphate (60 ml m/15 soln.) 
+- potassium dihydrogen phosphate (40 ml m/15 
soln.) 

8-04 Disodium hydrogen phosphate (95 ml m/15 soln.) 
+ potassium dihydrogen phosphate (5 ml m/15 
soln.) 

9-15 Sodium borate (m/20 soln.) 


These will subsequently be referred to as pH 7, 
pH 8, and pH 9-15 buffer solutions, respectively. 
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(e) Dyes Commercial qualities were used. 
(f) Solvents n-Butyl alcohol and benzyl 
alcohol were of analytical reagent quality. 


Methods 
DETERMINATION OF LOAD—EXTENSION 
CHARACTERISTICS 
Yarn 

The breaking loads of yarn were determined at 
22-2°C and 65% r.h. by means of a Baer Yarn 
Tester, using both wet and dry samples. Test 
lengths of 12 in. and 1 mm were used, the former 
because it is the conventional test length and the 
latter because by using this very short length of 
yarn the significance of complicating frictional 
effects is reduced. 

Single Fibres 

Fibres, suitably mounted, were stretched to 30% 
extension under constant rate of loading on a 
Cambridge Fibre Extensometer and then allowed 
to contract to their original length, the load being 
removed at the same rate at which it was applied. 
This was done before and after a particular treat- 
ment or series of treatments and the area contained 
by the load—extension curve of the treated fibre was 
compared with that of the curve of the original 
“calibrated” fibre. The percentage reduction in 
work required to stretch the fibre (°%4 RW) was 
regarded a measure of the extent to which the 
treated fibre had been modified. The fibres used 
for this work were selected by microscopic examina- 
tion, medullated fibres and fibres of irregular 
diameter being rejected. 

The effect of a particular treatment on the load— 
extension characteristics of single fibres was 
determined as follows. In each experiment not 
less than six calibrated fibres were used. Each 
set of fibres was attached to wool serge bulking 
material, which in turn was fastened to glass 
frames fitted to the vertically moving arms of a 
Marney dyeing machine. The whole assembly was 
agitated in the particular solution contained in glass 
vessels supported in the thermostatically con- 
trolled water bath of the machine. In those 
experiments where the temperature of treatment 
was 80-100°C, the vessels were fitted with reflux 
condensers. For treatments at 105°C the assembly 
was placed in the appropriate solution in a stainless 
steel jar of the standard type used in the Wash 
Wheel. The lid of the jar was then secured and the 
pot placed in the pressure vessel of a laboratory- 
scale dyeing machine. The temperature inside the 
vessel was raised to 105°C as quickly as possible 
(approx. 6min) and maintained there for the 
required time. The pressure was then released, the 
pot cooled rapidly in running water, and the fibres 
removed for washing before their load-extension 
characteristics were determined. In al] cases the 
treated fibres were washed in running water for 
3h and in several changes of distilled water for 
12h. The solution : material ratio was 100: 1. 

Treatments of yarn were carried out as follows. 
Hanks (3-0 g conditioned weight) were treated in 
the appropriate solution at the boil under reflux 
in 500-ml conical flasks at a solution : material 
ratio of 100: 1. After the treatment, the samples 


were washed in running water for 3 h and then in 
several changes of distilled water during the next 
12h before being dried and conditioned at 22-2°C 
and 65%, r.h. When the samples were subjected 
to a second treatment, the intermediate washing 
was for 1 h in running water and then in several 
changes of distilled water during the next hour. 
In the experiments carried out at 105°C a Franke 
high-temperature dyeing machine was used in 
which the samples were agitated mechanically 
throughout the treatment. Treatment was com- 
menced cold, the temperature raised to 105°C in 
15 min and treatment continued at 105°C for the 
required time. The washing procedure was the 
same as for the treatments at 100°C. Treatments 
at 60°C were carried out in a Marney dyeing 
machine. The samples, supported on frames, were 
agitated in appropriate solutions contained in 
glass vessels supported in the water bath of the 
machine. The washing procedure was the same as 
in the other experiments. 


Results and Discussion 
THE EFFECT OF TREATMENTS OF SINGLE FIBRES 
Treatment in Acid and Alkaline Solutions 


Calibrated wool fibres in sets of six were treated 
in solutions of sulphuric acid of concentration 


Taste I 
Effect of Treatment of Single Fibres in Acid and 
Alkaline Solutions 
Treatment Temp. Time Mean reduction 
in (°C) (h) in work 
Buffer H,SO, (% RW) 
pH 8 1 27 (4)* 
pH 8 2 39 (6) 
0-05 N 40 1 0-2 (4) 
1 3-1 (5) 
O-Lw~ 2 6-6 (4) 
pH 8 3-5 (5) 
pH 8 2 5&7 (5) 
pH 9-15 1 30 (4) 
pH 9-15 2 47 (5) 
0-02 1 15 (5) 
0-02 N p 2 3-2 (6) 
0-05 N 1 2-2 (4) 
0-05 N 2 3-9 (5) 
| 1 2-4 (5) 
2 47 (5) 
pH 8 I 5-2 (12)t 
pH 8 2 60 (4) 
pH 9-15 70 1 51 (4) 
0-05 2 5:5 (17)t 
0-01 2 60 (4) 
pH 9-15 } 148 (1)t 
2 11-7 (9)t 
pH 7 1 91 (4) 
pH 8 1 185 (5) 
pH 9-15 100 1 
0-01 N 2 15-4 (6) 
0-02 N 2 18-9 (6) 
O-1N 2 25-6 (4) 


* The re in parentheses indicates the number of fibres (out of a 
total of 6) which remained intact throughout the experiments. 


+ 18 Fibres were used in these tests. 
¢ 9 Fibres were used in these tests. 
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Taste II 
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Effect of Treatment of Single Fibres in n-Butyl Alcohol 


Conditions Temp. 
(°C) 
Water 60 
100 
8% (v/v) butyl alcohol 60 
100 
8%, (v/v) butyl alcohol + 60 
1% Irgacet Scarlet RL 100 
8% (v/v) butyl alcohol + 60 
8% Irgacet Scarlet RL 100 
8% (v/v) butyl alcohol +- 60 
1% Irgalan Brown Violet DL 100 
8% (v/v) butyl alcohol + 60 
8% Irgalan Brown Violet DL 100 


0-01-0-1 N and in buffer solutions of pH 7, 8, and 
9-15 for up to 2h at 40, 60, 70, 80, and 100°C, 
respectively. The results of these treatments are 
listed in Table I. 

The interesting feature of the results is the 
relatively low reduction in work obtained at 
temperatures not exceeding 70°C. Above this 
temperature the percentage reduction in work 
increased rapidly, particularly under alkaline 
conditions, so that at 80°C a value of 14-8°, was 
obtained. Eight out of nine fibres treated at 
pH 9-15 broke before 30°/, extension was reached, 
and all six broke at 100°C. 


Treatment in Solutions of Solvents 

Two solvents were used— n-butyl alcohol and 
benzyl alcohol. Both have been used extensively 
in quantitative studies of the mechanism of 
solvent-assisted dyeing of wool?. n-Butyl alcohol 
was the first organic solvent observed to produce 
a marked increase in the rate of uptake of dyes by 
wool, particularly at low temperatures®, while benzyl 
alcohol has been recommended as a suitable solvent 
for use in dyeing loose wool, slubbing, and yarn ‘. 


Tassie IIT 


% Reduction in work after 
treatment for 


lh 4h 8h 16h 
3-81 4-32 4-71 5-38 
10-78 14-38 14-83 18-36 
4-92 5-23 5-58 5-63 
14-66 16-85 23-90 32-72 
3-41 3-73 4-00 3-84 
10-05 16-37 20-06 31-62 
2-40 3-64 411 4-66 
8-41 10-82 17-61 26-18 
3-05 4-16 4-42 5-76 
12-50 15°75 18-96 28-64 
3-59 4-00 3-62 4-67 
10-43 12-60 15-52 26-46 


n- Butyl Alcohol 

Selected fibres (six per experiment) were calibra- 
ted by stretching to 30°%, extension in distilled 
water at 22-2°C and then treated in an 8% (v/v) 
solution of n-butyl alcohol at 60°C or at 100°C for 
times ranging from 1 to 16h. They were then 
stretched. Parallel series of experiments were 
carried out in presence of two 2:1 metal-dye 
complexes, Irgacet Brown Violet DL (Gy) and 
Irgacet Scarlet RL (Gy). The percentage reduction 
in work obtained is given in Table IT. 


It will be seen that the maximum reduction in 
work to stretch at 60°C was less than 6%, even after 
treatment for 16 h, and was very little greater 
than that produced by treatment in water. At 
100°C, treatment for 1h in presence of solvent 
increased the % RW to 14-6%, compared with 
10-8% in presence of water alone, while after 
treatment for 16h the corresponding figures were 
32:7% and 18-4%. This important observation 
will be discussed later, together with the values for 
the reduction in work caused by boiling fibres in 
aqueous benzyl alcohol. 


Effect of Treatment of Single Fibres in Water and in Benzyl Alcohol 


Temp. Time 
(°C) (h) Water 3% Benzyl 
alcohol 
2-51 3-43 
3-53 4-25 
—0-75 1-48 


% Reduction in work to stretch in 


3% Benzyl aleohol + 3% Benzyl aleohol + 
2% Irgalan Grey BL 8% Irgalan Grey BL 
4-05 3-34 
4-96 5-55 
1-39 1-57 


Be 
| 
ae 70 2-04 3-71 3-89 3-39 
—0°57 0-98 2-64 2-04 
0-59 3-46 5-07 5-84 
a 
80 5-34 7-48 4:88 6-33 
4 5-30 7°35 6-40 7-42 
4-27 8-65 7-78 705 
pace 90 6-66 10-60 11-15 8-87 
“RS y 6-41 11-55 10-88 9-91 
al 9-61 11-74 14-07 12-99 
ona 100 11-05 16-01 15-74 15-90 
Sy 10-43 13-59 14-58 13-57 
105 12-31 20-44 21-54 20-20 
18-94 27-51 25-91 28-91 
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Benzyl Alcohol 

‘In these experiments a 3°, (w/v) solution of 
benzyl] alcohol was used. The temperature range 
covered was 60-105°C and the times of treatment 
were 2,4, and 8h. In addition, data were obtained 
for a treatment for 45 min at 80°C in 2% (w/v) 
benzy! alcohol, since these conditions have been 
recommended in practice. The results are given 
in Table III and are illustrated by Fig. 1. 


Reduction in work to stretch, % 


i iL 
60 70 80 90 100 
Temperature, °C 


@ Water only 
@ Water + 3% (v/v) benzyl alcoho! 


Fie. 1 


Values for °%, RW after treatment in presence of 
benzyl alcohol were only very slightly greater than 
those obtained after treatment in water alone at 
temperatures up to 80°C. Above 80°C the values 
increased, those for treatment in aqueous solvent 
increasing more rapidly than those for treatment 
in water only. Temperature of treatment appeared 
to be more significant than time of treatment, at 
least at temperatures up to 100°C. Inclusion of 
dye in the system had no significant effect. 

The greater increase in °%, RW in presence of 
benzy! alcohol (or butyl alcohol) at temperatures 
above 90°C is interesting and important. This is 
undoubtedly due to an effect of the solvent. If the 
solvent is completely removed from the fibre 
during washing subsequent to the treatment, the 
effect must be due to an irreversible change brought 


about by the solvent. At present it is not possible 
to give a complete explanation of this observation, 
which apparently has not been previously reported. 
It has been shown, however °, that the resistance 
to extension of wool fibres stretched in aqueous 
solutions of n-propyl alcohol at room temperatures 
is lower than that of fibres stretched in water alone, 


3 


Reduction in tensile strength, % 


8 


4 
0-01 0-02 0-03 


Sulphuric acid concn., N 
(second treatment) 


B pH 8 buffer 
Fie. 2 


pH 7 buffer C pH 9-15 buffer 


Reduction in censile strength, % 
8 A 3 3 


pH of buffer solution 
(second treatment) 


B 0-02-N H,SO, 
Fig. 3 


A 0.01-N H,SO, C 0.05-N H,SO, 


Taste IV 
Effect of Treatment of Single Fibres in Water and in Benzyl Alcohol 
% Reduction in work to stretch 30% in 


Distilled 
water 


3-12 5-20 


2%, (w/v) Benzyl 
alcohol 


2% Benzyl alcohol + 2% Benzyl alcohol + 
2% Irgalan Grey BL 8%, Irgalan Grey BL 
4-63 5-66 
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the maximum reduction being observed in 45%, 
(w/v) solution of the solvent. This suggests that 
the aleohol-water mixture breaks more secondary 
bonds in the wool structure than does water alone. 
Similar fissions brought about at 100°C must, 
apparently, be irreversible. It may also be that 
the washing treatment given to the fibre does not 
remove all the adsorbed alcohol, so that the 
residual alcohol may weaken the wool. This effect, 
however, is likely to be small because no significant 
increase in %, RW was observed in presence of 
benzyl alcohol at temperatures below 80°C. 

The conditions of treatment used when obtaining 
the results given in Table ITI are, of course, quite 
different from those used in practice. The values for 
% RW after treatment in presence of 2°%, (w/v) 
benzyl alcohol for 45 min at 80°C, recorded in 
Table IV, suggest that, by using solvent-assisted 
dyeing methods at temperatures not exceeding 
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80°C, the extent to which adverse modification 
of the wool fibre occurs is less than that resulting 
from conventional dyeing procedures. 


THE EFFECT OF TREATMENTS OF YARNS 


Successive Treatments in Acid and in 
Alkaline Buffer Solutions 

Hanks of yarn were treated in boiling solutions of 
sulphuric acid (0-01-0-05 n) and in buffer solutions 
of pH 7, 8, and 9-15, treatment being continued for 
2h in the sulphuric acid solutions and for 1h in 
the buffer solutions. A further series of experi- 
ments was carried out at 105°C, treatment in acid 
solutions being continued for 30 min and treatment 
in buffer solution (pH 8 buffer only) for 15 min. 
Details of the experiments and the results obtained 
are given in Table V. 

The tensile strength of yarn (measured on both 
12-in. and 1-mm test lengths) treated in an acid 


TaBLe V 


Effect of Successive Treatments on Tensile Strength and Elongation at Break of Dry Yarn 


Treatment Tensile strength (oz) Extension at 
First 12-in. length l-mm length break (% 
Treatments at 100°C 

Untreated yarn 57-2 67-4 37-0 
0-01 w H,SO, None 53-6 65-3 31-1 
0-02 w H,SO, None 49-1 62-9 33-0 
0-05 wn H,SO, None 45-1 58-6 35-6 
pH 7 buffer None 51-1 66-6 32-7 
pH 8 buffer None 49-0 60-2 34:8 
pH 9-15 buffer None 40:1 53-5 32-4 
pH 7 buffer 0-01 wy H,SO, 49-3 59-5 29-1 
0-01 w H,SO, pH 7 buffer 45-6 51-9 28-1 
pH 8 buffer 0-01 w H,SO, 47-5 56-4 26-8 
0-01 w H,SO, pH 8 buffer 43-8 53-1 26-2 
pH 9-15 buffer 0-01 wn H,SO, 40-1 48-2 20-4 
0-01 x H,SO, pH 9-15 buffer 33-2 38:2 17-3 
pH 7 buffer 0-02 w H,SO, 46-2 57-0 28-4 
0-02 x H,SO, pH 7 buffer 40-5 52-0 23-3 
pH 8 buffer 0-02 w H,SO, 41-8 56-1 22-9 
0-02 wn H,SO, pH 8 buffer 35-8 40-2 21-0 
pH 9-15 buffer 0-02 w H,SO, 35-6 41-3 23-2 
0-02 w H,SO, pH 9-15 buffer 23-6 26-1 12-0 
pH 7 buffer 0-05 x H,SO, 46-1 54-1 21-6 
0-05 w H,SO, pH 7 buffer 37-6 47-4 22-2 
pH 8 buffer 0-05 w H,SO, 38-5 43-3 17-9 
0-05 w H,SO, pH 8 buffer 30-9 38-3 16-6 
pH 9-15 buffer 0-05 w H,SO, 34-0 37-6 19-3 
0-05 w H,SO, pH 9-15 buffer 13-4 19-9 10-6 

Treatments at 105°C 

0-01 w H,SO, None 49-7 33-9 
0-02 w H,SO, None 50-8 - 34-0 
0-05 w H,SO, None 49-1 o= 31-6 
pH 8 buffer None 45-2 - 26-6 
pH 8 buffer 0-01 x H,SO, 42-6 - 29-2 
0-01 w H,SO, pH 8 buffer 38-6 — 25-7 
pH 8 buffer 0-02 x H,SO, 44-8 = 28-8 
0-02 w H,SO, pH 8 buffer 35-2 — 17-7 
pH 8 buffer 0-05 w H,SO, 38-9 — 27-0 
0-05 x H,SO, pH 8 buffer 23-4 ~- 10-4 


a 
ke 
4 
if 
i 
} 
| 
! 
| 
| 
| 
| 
Sent 
| 


be 


732 Exsiorr et al—- EFFECT OF DYEING ON PHYSICAL CHARACTERISTICS OF WOOL J.8.D.C. 77 


solution and then in an alkaline solution was lower 
than that of the same yarn after the same 
treatments in the reverse order. This effect was 
observed in the case of treatments carried out at 
100°C and at 105°C. The effect of the order of 
treatment increases with increase in the concentra- 
tion of sulphuric acid and still more with increase 
in the pH of the alkaline solution. The general 
effect is illustrated in Fig. 2 and 3. 

Figures for extension at break are included in 
Table V. It was observed that reduction in tensile 
strength was always accompanied by a reduction 
in extensibility and that the greater reduction in 
tensile strength observed when treatment in alkali 
followed treatment in acid was matched by a 
correspondingly greater reduction in extension at 
break 


The cystine and cysteine contents of the yarn 
samples were also determined. It was found that, 
although cystine was not removed from normal 
wool by treatment in acid solutions, some cystine 
was removed from wool that had previously been 
treated in alkaline solution. Similarly, more cystine 
was removed during alkaline treatment from wool 
previously treated in acid than from untreated 
wool (see Table VI). 


Taste VI 
Sulphur Content of Treated Wool 
Treatment 
First Second 
0-05~ H,SO, None 
pH 9-15 buffer None 
pH 9-15 buffer 0-05" H,SO, 
0-05n H,SO, pH 9-15 buffer 
Untreated wool 


Sulphur 
(as disulphide sulphur) 


It is not possible at this stage to account satis- 
factorily for these observations, but ‘a tentative 
explanation may be put forward. Several workers 
consider that the tensile properties of wool are 
profoundly affected by the -S-S-— linkages. Fis- 
sion of these bonds causes a weakening of the 
fibre. It is probable that pretreatment of the wool 
will make the fibre more susceptible to attack by 
alkali, largely by increasing the accessibility to the 
reagent. Alkalis will, therefore, attack acid-treated 
wool more rapidly than untreated wool, and con- 
sequently more -S-S— linkages will be broken in 
the acid-alkali sequence of treatments than in the 
alkali-acid one, since acids do not break -S-S- 
linkages. It is of interest to note, however, from the 

given in Table VI that more disulphide 
sulphur is lost by treatment in pH 9-15 buffer 
followed by treatment in 0-05-n H,SO, than by 
treatment with pH 9-15 buffer alone, indicating 
that the acid does remove some —S-S— linkages. 
This is probably due to removal of a particular 
fraction of degraded keratin, rather than fission 
of —8-S- linkages. Further work is in hand to 
examine this hypothesis in greater detail. 


Successive Treatments in Dye Solution and 
in Sodium Carbonate Solution 


The study of the influence on the tensile strength 
of wool yarn of treatment in acid and alkaline 
solutions was extended to include the effect of 
conventiona) dyebaths on yarn previously treated 
in alkaline media and the effect of treating dyed 
yarn in the same alkaline solutions, to see if the 
order of treatments is of practical as distinct from 
theoretical significance. For this reason, a 0-01 g/l. 


Taste VII 
Percentage Reduction in Tensile Strength of Wet Yarn on Dyeing and Treatment in Alkali 


I Treatment in dyebath 


II Treatment in sodium carbonate solution (0-01 g/l; 


pH 9-4 -> 8-0) 


III Treatment in pH 8 buffer 
Effect of II alone = 11-4%, 
Effect of III alone = 25-4% 


Dyebath I Sequence Sequence Sequence 
I—II u—tiI 
‘ Blank dyebath (final pH 7-0) . 19-1 17-3 
id 2% Carbolan Blue BS 15-4 16-4 
{ 2% Carbolan Violet 2RS . 14-8 13-6 
f 2% Carbolan Green G125 . 13-1 16-7 


Blank dyebath (final pH 6-5) D 14-8 16-7 
2% Irgalan Red 3G 17-5 14-5 
2%, Irgalan Brown Violet DL . 17-5 141 
Blank dyebath (final pH 2-8) ; 15-0 21-1 
2% Orange II (Comm.) S 141 17-9 
2% Orange II (Pure) S 15-4 19-4 


Blank dyebath (final pH 2-1) 100°C 28-1 29-5 
2% Neolan Blue GG 100°C 29-9 27-2 
Blank dyebath (final pH 2-1) 60°C ° 7-2 9-3 
2% Neolan Blue GG 60°C : 9-3 10-8 
Butyl alcohol 60°C 12-9 12-2 
2%, Irgacet Scarlet RL 60°C : 13-5 14-5 


Butyl alcohol 100°C 18-8 21-5 
2% Irgacet Scarlet RL 100°C . 21-5 23-0 


Sequence 
IlI—I 
29-1 
30-0 
28-1 
38-6 35-7 
40-7 38-0 
40-7 36-7 
33-5 29-7 
32-3 29-9 
33-3 29-1 
60-6 42-6 
70-2 50-4 
25-3 25-1 
26-6 27-6 ae 
24-9 24-7 
28-7 29-7 
39-2 36-2 
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solution of sodium carbonate was used in preference 
to a pH 8 buffer solution for these experiments. 

Dyeing methods used included— (a) strongly 
acid dyebaths (pH 2), as used for 1 : 1 premetallised 
dyes; (b) acid dyebaths (pH 2-8), as for level- 
dyeing acid dyes; (c) neutral dyebaths (pH 6-7), as 
used for neutral-dyeing acid dyes and neutral 
dyeing 2:1 premetallised dyes. In addition to 
conventional dyebaths, an 8°%, (v/v) aqueous 
solution of n-butyl alcohol was used. 

In all cases, except two, dyeing was carried out 
under reflux at 100°C, using a solution : material 
ratio of 100: 1, as were treatments in pH 8 buffer 
solution and sodium carbonate solution. Dyeing 
was continued for 2h and treatment in alkaline 
solutions for 1h. The samples were washed 
between treatments and after the final treatment, 
as in the previous experiment. 

In this series of experiments, tensile strength was 
determined on 10-in. lengths of wet yarn, as 
measurements on wet yarn have been claimed to be 
preferable to tests on dry yarn for the detection 
of slight damage. The results obtained are listed 
in Table VII. 

The effect of the conventional dyeing treatments 
was as would be expected from the dyeing condi- 
tions; significantly greater reduction in tensile 
strength occurred under strongly acid conditions 
at pH 2. The greater loss in strength observed with 
a pH 8 buffer than with 0-01 g/l. sodium carbonate 
solution is no doubt due to a specific ion effect. 

The total reduction in tensile strength caused by 
two successive treatments was considerably less 
than the sum of the reductions produced by the 
individual treatments, except when dyeing was 
carried out under strongly acid conditions (pH 2). 
Even in this case the total reduction in tensile 
strength was only significantly greater than the 


Dr. G. H. Lister: Recently I have been interested 
in the formation of new cross-links from hydrolysed 
or reduced cystine bonds in wool, and conflicting 
results were obtained in comparing laboratory 
experiments with bulk trials. 

A considerable amount of work was carried out 
to discover the reason for the discrepancies and 
proof was eventually obtained that the key was to 
be found in the drying conditions. High humidity 
appears to be essential to ensure rapid re-oxidation 
of two thiol groups to cystine. In the laboratory, 
where quick drying occurs, two thiol groups were 
unable to re-oxidise to re-form cystine bonds. In 
bulk practice, however, where conditions of high 
humidity were maintained for much longer periods, 
oxidation could occur during drying. It would 
be interesting to know whether the authors had 
considered this factor. 

A second contribution to cross-linking was found 
to be the state of tension in which the wool was 
held during drying. Evidence is available that in 
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sum of the effects of the separate treatments when 
pH 8 buffer was used in the alkaline treatment. 
The sequence of treatments was significant only 
when strongly acid dyeing conditions and pH 8 
buffer were used. In this case, as when an acid— 
alkali sequence was used, a greater reduction in 
tensile strength was observed when treatment in 
an acid dyebath preceded treatment in alkali. 
* 


One of us (J.E.) is indebted to the International 
Wool Secretariat for a scholarship which enabled 
him to take part in this investigation. 
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bulk experiments ‘‘setting’’ of dyed wool is more 
likely to oceur during drying than during dyeing. 

Mr. Ovprietp: In the experiments described 
in this paper, the yarn was dried in a Mitchell dryer 
without tension, after being squeezed to remove 
surplus water. Single fibres were never dried but 
were kept immersed in distilled water. 

Mr. W. Beau: Fig. 1 on p. 730 gives a com- 
parison between water and water plus 3% (v/v) 
benzyl alcohol. I would suggest that a third curve 
should be shown in which the benzyl aleohol con- 
centration is varied to cover the conditions used in 
practice, viz., 

4% (v/v) at 60°C; 3% (v/v) at 70°C; 2% (v/v) 
at 80°C and 0-7% (v/v) at 90°C. 

This curve would probably correspond much 
more closely to that for water alone. 

Dr. Stevens: I agree that it would be of interest 
to do this, but lack of time has prevented our 
including additional information. 
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The Hydrolysis of Reactive Dyeings 


J. Benz 


Twelve reactive dyes were synthesised containing the same chromophore but different reactive systems 
and different bridge members. These dyes were applied to mercerised cotton at approximately standard 


depth and the effects on the dyeings of alkaline and acid hydrolysis were studied. 


Increasing reactivity of 


dichloro- and trichloro-pyrimidyl dyes is accompanied by a growing tendency to acid and, more particularly, 


alkaline hydrolysis. 
member. 


The position at which saponification occurs depends on the nature of the bridge 
In a second series of dyes, various reactive systems were combined with the same chromophore 


through an imino group; no general relation between reactivity and tendency to hydrolysis could be 


established for these dyes. 


Introduction, and Scope of Examination 

Reactive dyes may be defined as dyes which 
react with the textile substrate to form a homopolar 
linkage. Of the types of fibre dyed commercially 
with reactive dyes, cellulose ranks first in interest 
and importance. 

We decided to examine the hydrolysability in 
aqueous alkaline and aqueous acid media of 
dyeings on cellulose produced with selected reactive 
dyes. Our main objective was to examine the 
dependence of hydrolysability on the constitution 
of the dyes, but we also sought a relation between 
hydrolysability and reactivity. 

For this purpose, a series of dyes was synthesised 
containing the same chromophore— 


This chromophore was combined with different 
reactive systems and in some instances the bridge 
member also was varied— 


Reactive system 
Chlorinated pyrimidines 


Linkage Dye 
~NH- 
Dichloropyrimidy! ©! 


ical 


SNS 
Trichloropyrimidy! 


radical wN 


Chlorinated triazines 


Carboxylic acid radicals 
CICH,CH,CO- 
CH, = CHCO- 
CH,-C = CHCO- 


Sulphuric acid ester of B-hydroxyethyl sulphone 
HO,S-OCH,CH,SO,- 


As written here, the formulae of the two 
pytimidyl radicals presuppose that trichloro- and 
tetrachloro-pyrimidine have previously exchanged 
their halogen atoms in the 4-position, which seems 
very probable from the work of Ackermann '. 


Experimental Methods 

The twelve reactive dyes were applied to 
mercerised cotton at approximately standard 
depth. Dye VII, of the dichlorotriazinyl type, 
was fixed at 20°C with the addition of soda ash, 
as in the pad-batch process, and the others were 
fixed by dry heat. The dyeings were carefully 
washed and the fixation yields determined before 
the dyeings were hydrolysed. 

The hydrolysing conditions were selected inde- 
pendently of practical considerations, i.e. fastness 
to manufacturing processes and wear. The treat- 
ments were intentionally far more rigorous than 
any to which dyed fabrics are normally exposed, 
firstly, because it was desired to remove a sub- 
stantial proportion of the dye by hydrolytic 
cleavage and, secondly, because these severe con- 
ditions bring out more clearly the distinctive 
differences between the individual systems. 
Alkaline hydrolysability was tested by mechanical 
agitation of the dyed sample for 6 h in a 2% soda 
ash solution at 95°C, the pH of the solution being 
approx. 11. To prevent reduction taking place, a 
small amount of m-nitrobenzenesulphonic acid was 
added. Acid hydrolysability was similarly tested 
by agitating the sample for 6h in a solution at 
70°C, buffered to pH 3-0. Repeated tearing tests of 
both untreated and hydrolysed dyeings showed 
that no measurable damage to the fabric occurs 
under these conditions. 

To study the mechanism of hydrolysis, the 
cleavage products were analysed chromatographic- 
ally. For most of the dyeings, the chromatograms 
showed with reasonable certainty whether the 
linkage between the reactive system and the 
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cellulose or that between the chromophore and the 
reactive system had undergone hydrolysis. Where 
only a very small fraction of the dyeing was 
hydrolysed, chromatography was not employed. 
For the quantitative examination of hydrolysis, we 
dissolved the untreated and the hydrolysed dyeings 
in sulphuric acid, diluted the solutions with water, 
and compared the extinction coefficients. This 
method, developed by Michie and Thornton ?® for 
vat dyeings, was first employed for reactive dyeings 
by Dawson, Fern, and Preston °. 

The content of the cleavage product solutions 
was determined by measuring the optical densities. 
When the solute was more or less homogeneous, 
consisting either of saponified dye or of chromo- 
phore, the cleavage product was compared with 
corresponding solutions of known concentration. 
The amount of dye remaining on the fibre plus that 
found in the cleavage product was approximately 
equal to the amount of dye in the initial dyeing. 
With some dyeings which bled heavily in the 
alkaline bath, the sum of the two amounts was not 
quite equal to the dye content of the original 
dyeing. presumably because some dye is destroyed 
in spite of the presence of oxidising agent in the 
bath. Where the solute was heterogeneous we 
were obliged to rely mainly on the determinations 
of the amount of dye remaining on the fibre. To 
check the results, the hydrolysed dye was applied 
to wool. Comparison of these dyeings with the 
optical measurements showed that the measured 
values, while they cannot be claimed to be entirely 
accurate, do express fairly well the relations 
between the individual dyes. 


Alkaline Hydrolysis 
Alkaline hydrolysis of dyeings of three dichloro- 
pyrimidyl dyes in which the reactive system is 
linked to the chromophore through different bridge 
members gave the following results— 
Extent of 
hydrolysis 
( % ) 


0 


Il 33 
4 


It will be noted that the dye with an imino bridge 
between the reactive system and the chromophore 
gives dyeings of much better stability to alkali than 
those of dyes with oxygen bridges. 
Chromatographic examination of the dissolved 
cleavage products revealed that with Dye I 
saponification takes place chiefly between the 
cellulose and the reactive system (see Fig. 1). 
By contrast, the cleavage product from the dyeing 
of Dye II contains mostly chromophore, i.e. the 
coupling product of m-aminophenol and 1-naphthol- 
4,6-disulphonic acid. This was evident when the 
chromatograms of the cleavage product, the 
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, chromophore. 


735 


chromophore, and a mixture of the two com- 
pounds were compared. The mixture of cleavage 
product and chromophore could not be separated 
under the various chromatographic conditions at 
which it was examined. The cleavage product of 
the dyeing of Dye III contains similar amounts of 
chromophore and of dye which has retained the 
pyrimidyl radical. For chromatography we used 
throughout aqueous alkaline eluents. The chromo- 
phore is adsorbed much less on paper and on tale 
than the dye, which contains the pyrimidy] radical 
and hence is of considerably greater molecular 
weight. 


Dye I Cell-O-TPI 


Dye II Cell-O 


Dye III Cell-O~TPI- 


TPI = Divalent radical of trichloropyrimidine 


FIG. 1— Saponification of dyeings of dichloropyrimidy! dyes 


These results are easily understood if trichloro- 
pyrimidine is regarded as the chloride of barbituric 
acid. In Dye I the reactive system is linked to 
the chromophore through an acid amide linkage. 
It is to be expected that this linkage will be more 
stable to alkali than the ester linkage between 
the reactive system and cellulose. Matters are 
different with Dye IT: in dyeings of this dye, the 
pyrimidyl radical is combined on one side to the 
chromophore through a phenol ester linkage, while 
on the other side the pyrimidine ring is esterified 
with an aliphatic hydroxy group of the cellulose. 
It is not surprising that, on alkaline attack, the 
ester linkage with the phenol is the first to be 
saponified, since phenol esters are more easily 
saponified with alkalis than the corresponding 
esters with primary aliphatic alcohols. 

In the dyeing of Dye III, the pyrimidine ring is 
again esterified with the cellulose and with the 
Both are esters with aliphatic 
hydroxy groups. They should therefore possess 
similar stability to alkalis if we can assume, as is 
highly probable, that cellulose reacts mainly with 
the primary hydroxy groups. In fact, chroma- 
tography of the cleavage product does show 
similar amounts of chromophore and saponified 
reactive dye. It was to be expected that the ester 
linkage of the pyrimidine ring and chromophore, 
activated by the adjacent pheny! nucleus, would 
be more readily saponified by alkali than the dye— 
fibre linkage. As we did not determine the exact 
ratio of the two constituents in the cleavage 
product, it is possible that our test result also 
agrees quantitatively with these expectations. 
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Certainly the presence of chromophore in the 
cleavage product is not due to further saponifica- 
tion of an appreciable amount of the saponified dye 
formed by hydrolysis of the cellulose linkage. 
Throughout the hydrolysis the ratio of the two 
constituents did not vary sufficiently to be visible 
in the chromatograms. 

The influence of the type of linkage between the 
reactive system and the chromophore on the 
alkaline hydrolysability of the dyeings is very 
marked in these three examples. The bridge 
member between the reactive component and the 
chromophore also has a decisive influence on the 
reactivity of the dye, as was shown by applying 
Dyes I-III by the pad-jig process at room 
temperature under identical conditions, with the 
addition of caustic soda. It was found that 
Dyes II and III, which have an oxygen bridge 
linking the reactive system and the chromophore, 
react much more rapidly than Dye I. After about 
30 min, Dyes II and III reach their maximum 
yields under the chosen conditions, whereas Dye I 
requires more than 50 h to achieve this. 

Although we have not studied the kinetics of 
dyeing in great detail, we can conclude that the 
rates of reaction of Dyes II and ITI, which are very 
similar, are of an order of magnitude at least two 
times greater than that of Dye I, which contains 
the imino bridge. 

The results of alkaline hydrolyses of the dyeings 
of the trichloropyrimidyl dyes (IV, V, VI) are 
illustrated in Fig. 2. Here again the imino and, 
to a somewhat smaller extent, the methylimino 
linkage between the reactive system and the 
chromophore give dyeings of better alkaline 
stability than those of dyes containing the corres- 
ponding phenol ester linkage. 

Chromatographic examination of the cleavage 
pines enabled us to determine the position of 

ydrolytic cleavage from the fibre, as shown in 
Fig. 3. With the dyeings of Dyes IV and V, 
which are combined with the reactive radical 
through an imino and a methylimino bridge, res- 
pectively, hydrolysis in an alkaline medium takes 
gh predominantly at the dye—cellulose linkage. 

n contrast, with Dye VI it is chiefly the link 
between the pyrimidine ring and the chromophore 
that is split. Dyes IV and VI behave in exactly 
the same way as the dichloropyrimidyl! derivatives 
of corresponding structure. 


Dye IV 


< 
PASAA 


| 
Cell-O-TCPI-O 
i 
TCPI = Divalent radical of tetrachloropyrimidine 
Fig. 3— Saponification of dyeings of trichloropyrimidy! dyes 


Dye VI 
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The bridge member has a marked effect on the 
reactivity of the trichloropyrimidyl dyes. By 
replacing the imino bridge in products of the type 
of Dye IV by a methylimino group, as in Dye V, 
the reactivity is substantially increased. Fig. 4 
illustrates the reactivity of another pair of corres- 
ponding dyes with an imino and a methylimino 
group, respectively. These two dyes were applied 
by the pad-jig process with caustic soda at room 
temperature. After the times indicated, cuttings 
were taken and washed off. The dye from 
N-methyl-J-acid attains its maximum fixation 
yield after about 40 min, whereas more than 50h 
are necessary for the J-acid dye. 

Having found that replacement of the imino 
group by the methylimino group greatly increases 
the reactivity of trichloropyrimidyl dyes, we con- 
sidered that the reactivity of dyes of this type 
would depend on the basicity of the amino group 
to be condensed with tetrachloropyrimidine. It is 
not easy to prove this assumption correct by dyeing 
methods alone, as in most cases other properties of 
the dye, e.g. substantivity and salt sensitivity, 
which can also affect the dyeing behaviour, are 
modified simultaneously with the change in thg 
basicity of the amino group to be condensed. 
Nevertheless, it can be assumed that the differences 
in reactivity of the individual members of a series 
of trichloropyrimidyl dyes, all having the reactive 
radical linked with the chromophore through an 
imino bridge, are due at least partly to the varying 
basicity of the condensed amino group. 

When the hydrolysability of the dyeings in an 
alkaline medium is compared with the reactivity 
of the corresponding dichloro- and_trichloro- 
pyrimidyl dyes, it will be observed that the 
hydrolysability of the dyeing increases with 
increasing reactivity of the dye (Table I). If this 


Hydrolysis of Pyrimidyl Reactive Dyes 
Extent of hydrolysis 
Dichloro- Trichloro- 
pyrimidyl _pyrimidyl 


conclusion is correct, the trichloropyrimidyl dyes 
will be more reactive than the analogous dichloro- 
pyrimidyl ones. We have measured the reactivity 
of a considerable number of analogous pairs of such 
dyes and our findings support this contention. 

This is illustrated by the example in Fig. 5. 
Equal amounts of analogous salt-free dyes of the 
indicated formulae were applied by the pad—batch 
process at 25°C under identical conditions, i.e. 
with caustic soda and 15-h storage at room 
temperature. The depth of the trichloropyrimidyl 
dyeing is 2} times greater than that of the 
corresponding dichloropyrimidy] dyeing. 

Alkaline hydrolysis of dyeings of the two 
triazinyl dyes (VII, VIII) resulted in 24% (Dye 
VII) and 38% (Dye VIII) hydrolysis. Dye VII 
was applied by the pad-—batch process at 20°C with 


736 \ 
| 
= 
| \ 
x 
: 
-HN 
x 
=N- 
Dye l-Q-TCPI-N“ 
CHs 


Dyeing Cleavage 


after product on ”., Hydrolysed 


hydrolysis wool 


SO,H HO 


_/ 


N-trichloropyrimidy! 
R 


Fig. 4— Reactivity of trichloropyrimidy! dyes 


R = Dichloropyrimidy! R ~ Trichloropyrimidy! 


SO,H HO NH-R 


Fic. S— Reactivity of analogous dichloropyrimidy! and trichloropyrimidy! dyes 


J.8.D.c., 77 (Dee 1961) 
facing p. 736 


\ 
\ 
4 
ann Fic. 2— Alkaline hydrolysis of dyeings of trichloropyrimidy! dyes 
| 
7 ! 5 iS 30 60 3000 min 
| 
{ 
| H 
i 
| 
q 
q \ 
HO,s 
| 
| 


4 
¢ 

pats 

‘ 

We 

; 

f 

. 


Dee. 1961 


soda ash. It must be remembered that dichloro- 
triazinyl dyes, which possess two reactive halogen 
atoms, can react differently with cellulose, depend- 
ing on the conditions of application. Preston and 
Fern *, and Eléd and Nakahara ®, have shown that 
three different linkages can be formed by dichloro- 
triazinyl dyes on cellulose. This aspect will be 
dealt with briefly in the section on acid hydrolysis. 

Under the severe conditions of alkaline 
hydrolysis adopted, it is probable that dyeings of 
dich'orotriazinyl dyes, independently of the method 
of application, are converted into one of the 
following two tautomeric forms— 


| ~NH-C 
(SOsH)» 


lactam 


Fi |-NH- 


(SOs), 
(F is the chromophore of the dye) 


The enol form, which is probably the predominant 
one in an alkaline medium, can be expected to show 
high alkaline stability, owing to its aromatic 
character. An acid medium should favour forma- 
tion of the lactam form. An important advantage 
of the dichlorotriazinyl dyes is the combination of 
very high reactivity with relatively good stability 
to alkaline hydrolysis. As a result they can be 
subjected in many dyeing processes to conditions 
far more rigorous than those required for the maxi- 
mum fixation yield without the dyeing being 
stripped off the fibre. 

The dyeing of the analogous monochlorotriazinyl 
dye is less stable to alkali. However, these findings 
cannot be considered generally applicable, for the 
alkaline stability of monochlorotriazinyl dyes is 
clearly dependent on the nature of the second 
colourless substituent on the triazine ring. 
Chromatography of the cleavage product of the 
dyeing of the monochlorotriazinyl dye showed that 
the dye-fibre linkage had been broken. 

Three of the dyes tested contained a reactive 
carboxylic acid radical combined with the chromo- 
phore through a carboxylic acid amide link. 
Alkaline hydrolysis indicated that the dyes con- 
taining the £-chloropropionyl (IX) and the 


Dye Extent of 
hydrolysis 
(%) 
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acryloyl radical (X) give dyeings of poor alkaline 
stability, compared with the analogous type con- 
taining the £-chlorocrotonoyl radical (XI), as 
shown at the foot of the previous column. 

Comparison with the dyeings of analogous dyes 
containing other acyl radicals, notably the dichloro- 
and trichloro-pyrimidyl radicals, shows that the 
dyeings of the 8-chloropropionyl and the acryloyl 
dyes are very sensitive to alkali. 

The reactivities of these three reactive systems 
have been compared by preparing dyeings with 
son 
Cay) 

HO,S8’\ “\/‘NH-R 


where R = -COCH,CH,Cl, -COCH-CH,, or 
-COCH-C(CI)CH,. Compared with the dichloro- 
triazinyl or the vinyl sulphone dyes, these three 
are of low reactivity. Accordingly, they were 
applied by the pad-jig process from a hot bath, i.e. 
at 90°C, with soda ash. The dyes containing the 
B-chloropropiony] radical and the acryloyl radical 
react at approximately the same rate. This 
supports the view of Zollinger® that -chloro- 
propionyl dyes split off primary hydrogen chloride 
in an alkaline medium, the resulting acryloyl 
derivative forming an addition compound with the 
cellulose. The dye containing the £-chloro- 
crotonoyl group is rather more reactive than the 
other two. 

The rule that the hydrglysability of the dyeings 
increases with increasing reactivity of the dye holds 
good only when the reactive system is identical. 
As the above examples show, it is not true of 
analogous dyes with different reactive systems. 
The dyes containing the 8-chloropropionyl and the 
acryloyl radical show comparatively low reactivi- 
ties but, on the other hand, their dyeings are very 
susceptible to alkaline hydrolysis. As a result, the 
optimum range of fixation conditions is rather 
limited in these systems. This is illustrated by 
Fig. 6. The dye from orthanilic acid and 
N-acryloyl-J-acid was dyed by the pad—jig process 
and the yield plotted as a function of fixing time. 
The fixing bath, at 90°C, contained calcined 
sodium sulphate, caustic soda, and a little 
m-nitrobenzenesulphonic acid. After about 15 min 
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F1G, 6—Effect of fixation time on yieia of reactive dye 
containing an acryloy! radical 


Dye: 


OH 
Cx 
HN 
4 
C-O-Cell enol 
“4 
N’ » 
| C. C-0-Cel 
$ 
4! 
50 
ae 
= 30 
20 
10 
1X o s 10 60 
x 63 
= 
XI 4 


738 Benz— HYDROLYSIS OF REACTIVE DYEINGS 


treatment, the dyeing reached its maximum 
depth. If fixation was continued the dyeing 
began to lose depth as a result of alkaline hydrolysis. 
After 60 min, i.e. four times the time required to 
obtain maximum depth, it was already about 20°, 
lighter. Dyes whose yield depends in such great 
measure on the fixing conditions give little 
assurance of consistent results in practical work. 
The final dye tested was a vinyl sulphone 
derivative (XII). Of all the types of dye examined, 
the sulphuric acid ester of 8-hydroxyethy! sulphone 
has the lowest stability to alkaline hydrolysis, the 
dyeing being 97°/, hydrolysed under the conditions 
used. Washing at the boil is sufficient to cause 
partial hydrolysis of these dyeings when soda is 
included in the bath. At the same time, this 
sensitivity to alkali is the basis for the good dis- 
chargeability of this type of dye. After printing 
with a strong caustic alkali paste and steaming, 
the hydrolysed dye can be completely removed 
from the fibre. In the alkali-stable dyeings of the 
pyrimidyl and triazinyl types of dye, a residue of 
dye linked with the cellulose through the reactive 
radical is always left on the fibre. If it is a clear 
white it is not objectionable, but very often the 
remaining amines tend to become brown on 


exposure to light. 


Acid Hydrolysis 
Table IT shows the extent of acid hydrolysis of 
the dichloro- and trichloro-pyrimidy] dyes. 


II 
Acid Hydrolysis of Pyrimidyl Dyes 

Type Extent of 
hydrolysis 

(%) 

Dichloropyrimidy]! Dye I 0-3 

Dye I 2-0 

Dye IIT 1-3 

Trichloropyrimidy! Dye IV 0-4 

Dye V O-7 

Dye VI 1-8 


The tendency to acid hydrolysis increases within 
these two series to about the same degree as the 
tendency to alkaline hydrolysis; it increases with 
increasing reactivity of the dye. When the very 
severe conditions used for acid hydrolysis are taken 
into account, it is clear that all dichloro- and 
trichloro-pyrimidyl dyes have only a_ slight 
tendency to hydrolyse under acid conditions; it is 
hardly a significant factor for practical purposes. 

The same conclusion applies, though to a varied 
degree, for the dyes listed in Table IIT. 


Tasie IIT 
Acid Hydrolysis of Reactive Dyes 

Type Extent of 
hydrolysis 

(%) 

Monochlorotriaziny! Dye VIII 1-9 

Containing reactive Dye IX 2-5 

carboxylic acid radical Dye X 2-3 

Viny! sulphone Dye XII 0-1 
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The behaviour of the dye containing the sul- 
phuric acid ester of 8-hydroxyethyl sulphone is 
interesting. Its dyeings show unusually high 
resistance to acid hydrolysis. The characteristics 
of this type of dye are such that the dye-fibre 
linkage is rather more stable than the glucoside 
linkages of the cellulose. Bohnert ’? succeeded in 
reducing dyeings of a vinyl sulphone dye by acid 
hydrolysis sufficiently to isolate the compound of 
the dye and glucose. At the same time he was able 
to react the dye with glucose and establish the 
identity of the resulting compound with the 
reduction product, thus obtaining conclusive proof 
of the homopolar linkage between the vinyl sul- 
phone dye and cellulose by the classical methods 
of organic chemistry. 

The dyeings of the dichlorotriazinyl dye (VII; 
extent of hydrolysis, 14°), and especially that of 
the £-chlorocrotonoyl dye (XI; 85%), are con- 
siderably more sensitive to acid hydrolysis than 
those of the other dyes tested. Other workers in 
this field *: > have demonstrated that, in dyeing with 
dichlorotriazinyl dyes under mild conditions, e.g. 
in the pad-batch process with soda ash at 20°C 
used in this work, the linkage formed with cellulose 
is predominantly of type I (Fig. 7). 

4 


I 


Il iit 


Fie. 7— Types of linkage between dichlorotriazinyl dyes 
and cellulose 


Under more rigorous fixing conditions, e.g. in 
presence of strong alkalis and, above all, at higher 
temperatures, the formation of type II and type 
III linkages is promoted. Of the three types of 
linkage, I and II are comparatively stable to acid 
hydrolysis. Type III, formation of which is 
largely suppressed in the present work by the 
choice of application conditions, is easily hydrolysed 
under acid conditions. 

The dyeing of the f-chlorocrotonoyl dye is 
extremely sensitive to acid. This was apparent 
from the result observed after these dyeings had 
been stored for several weeks in an acidic atmo- 
sphere such as prevails in industrial cities: when the 
fastness to water was tested, the dyeings were 
found to bleed heavily inthe bath. The instability 
of the linkage between this type of dye and 
cellulose can be explained on the assumption that 
addition of water to the double bond takes place 
in an acid medium, giving rise to a semi-ketal which 
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is converted into a derivative of acetoacetamide by 
the action of acid (Fig. 8). In fact, the cleavage 
product formed by acid hydrolysis of dyeings of 
B-chlorocrotonoyl dyes is identical with the 
corresponding dye with the acetoacetic amide 


grouping produced by synthesis. 
F |} NH-CO-CH=C-O-Cell 
4 
(SOsH), 
1,0 
| Fy |-NH-CO-CH,-C-O-Cell 
i 
(SOsH)» om 
CHs 
F | |-NH-CO-CH,CO + HO-C 
(SOsH)» 


Fie, 8— Effect of acidic conditions on linkage between a 
8-chlorocrotonoy! dye and cellulose 


Conclusions 

With the aid of some dichloro- and trichloro- 
pyrimidy] dyes, it has been shown that the 
reactivity of the dye and the hydrolysability of the 
dyeings are dependent to a great extent on the 
bridge member between the chromophore and the 
reactive system. Within these series, increasing 
reactivity of the dye is accompanied by a growing 
tendency to acid and, more particularly, alkaline 
hydrolysis. With dyes having oxygen bridges, 
saponification of the dyeings in an alkaline medium 


Mr. I. D. Rarrez: There are considerable 
dangers in drawing general conclusions from 
measurements of hydrolysis using: 

1 single chromophores 
2 single hydrolysis pH values 
3 single buffer systems at any one pH. 

The results with the chromophore used in 
Dr. Benz’s work show that the differences in the 
extent of hydrolysis of dyes bearing different 
reactive systems on the same chromophore can be 
less than differences between dyes bearing the 
same reactive system. For example, Dye X shows 
a high degree of alkaline hydrolysis, but many 
acrylamido dyes show very high resistance to 
alkaline hydrolysis and compare with the esteri- 
fying dyes in this respect. 

Secondly, not only does the stability of the 
dye-fibre bond formed by dyes derived from 
cyanuric or barbituric acid vary with pH on the 
acid side, but the relative hydrolysis levels of 
different dyes vary, so that at one pH Dye A may 
show more hydrolysis than Dye B while at another 
pH the position is completely reversed. 
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Discussion 


occurs chiefly between the reactive system and the 
chromophore, while with dyeings of dyes con- 
taining imino or methylimino bridges the linkage 
between the reactive system and the cellulose is 
hydrolysed. 

In a second series of dyes, various reactive sys- 
tems were combined with the same chromophore 
through an imino group. Here no general relation 
between reactivity and the tendency to hydrolysis 
could be established. There is evidence that the 
dyeings of highly reactive dyes tend to be rather 
easily hydrolysed either in acid or in alkaline 
medium but, on the other hand, it was found that 
dyeings of some dyes with comparatively slow 
rates of reaction, e.g. those of the 8-chlorocrotonoy! 
and £-chloropropionyl types, are also very sus- 
ceptible to hydrolysis. 

+ * * 


Thanks are due to Dr. O. Thumm, who carried 
out the tests, and to Dr. M. Capponi, Dr. H. 
Ruckstuhl, and Mr. A. Barthold for their co- 
operation. 
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This latter effect is also shown if the composition 
of the buffer used to produce a particular pH is 
changed. With, for example, Dves VII and VIII, 
a phthalate-HCl buffer giving pH 2-8 shows 
hydrolysis levels which are 45°, and 20%, less, 
respectively, than with an acetic acid buffer at the 
same pH under the conditions used by Dr. Benz. 

Thus the use of hydrolytic techniques, while a 
valuable tool for research on bond stability and 
reactivity, presents many highly complex problems, 
not the least of which is the interpretation of the 
results in terms of practical effects. 

Dr. Benz: As yet, little detailed work has been 
done on the stability to hydrolytic influences of 
reactive dyeings on cellulose. The present paper 
is intended as a contribution to the study of the 
factors involved in hydrolysis. 

Within a series of dyes containing the same 
reactive system, the tendency to hydrolysis of the 
dyeings is determined by the bridge member and 
the chromophore. In order to examine the 


influence of different reactive systems on the 
hydrolysability, it is therefore necessary to use 
dyes containing the same chromophore and the 
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same bridge member. This principle must also be 
observed in testing the influence of the bridge 
member. Comparison of the hydrolysability of the 
dyeing of any one dye containing the reactive 
system A with that of any other dye containing the 
reactive system B is therefore of little value. 


Some of the results obtained with our series of 
experimental dyes have been checked with dyes of 
other series having different chromophores, and 
the same tendencies have been observed. Thus 
we found in our alkaline hydrolysis tests that 
dyeings of acrylamido dyes are far less stable than 
those of the corresponding dichloropyrimidylamino 
and trichloropyrimidylamino dyes. Wegmann 
(Melliand Tezxtilber., 39, 1006 (1960)) has shown 
that dyeings of B-chloropropionylamido dyes are 
relatively easily hydrolysed in an alkaline medium; 
this must also be true for dyeings of the acrylamido 
dyes, since they have the same structure. 


The stability of reactive-dyed cellulose is 
dependent to a marked degree on pH. Zollinger 
(private communication; paper in preparation) has 
examined the initial rate of hydrolysis of dyeings 
on cellulose of various types of reactive dyes and 
has found that each type has a sharply defined 
stability maximum at a characteristic pH. At pH 
below and above the stability maximum the rate 
of hydrolysis increases rapidly. The stability 
maxima for two dyes of different types may lie at 
significantly different pH. In view of these 
findings it is possible that the relation between the 
stabilities of dyeings of different types of reactive 


dyes may vary considerably at different pH. 


J8.D.C.77 


Mr. Rattee’s statement that under otherwise 
identical conditions the stability of a reactive 
dyeing can be dependent on the composition of the 
buffer is interesting. We have not studied this 
aspect of the problem. To do so, it would be 
necessary to take into account the buffer capacity 
of the mixture used. With a buffer of potassium 
hydrogen phthalate and hydrochloric acid the 
maximum buffer capacity is at about pH 2-8. A 
buffer of acetic acid and sodium acetate attains its 
maximum capacity in the region of pH 4-6. Ifthe 
latter mixture is used to obtain pH 2-8 the buffer 
capacity is so small that it may no longer suffice to 
maintain a constant pH throughout the test. 

Information on the stability of reactive dyeings 
is relevant to practical dyeing. Firstly, a reactive 
dye is suitable for bulk application only if the 
ratio of the rate of reaction with the fibre to the 
rate of saponification of the dyeing exceeds 
a certain minimum over a fairly wide range of 
fixing conditions. Secondly, there are several fast- 
ness tests which call for a high standard of alkaline 
stability, e.g. repeated severe washing tests with 
the addition of soda, and the test for soda-boiling 
fastness. For certain uses the resistance of the 
dyed fabric to acid hydrolysis is of decisive 
importance. It is not, however, possible to 
transfer directly the results of our examination to 
the behaviour of dyeings in these tests. 


Mr. Ramsay J. Hannay (President of the Society) 
formally closed the Symposium by thanking, on 
behalf of the Society, all those who had worked to 
make the Symposium such an outstanding success. 
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Yabe, Akihiko, c/o Dr. C. H. Giles, Department of Chemical 


Technology, Royal College of Science and Technology, 
Glasgow, C.1. 


Young, G. B., Imperial Chemical Industries Ltd., ——— 
House, 81 87 High Holborn, London W.C.1 


BROWN « FORTH 


LIMITED 
FOUNDED 1890 


Distributors of the 


Dyestuffs 
Intermediates 


Chemicals 


manufactured by 
E I du Pont de Nemours 
& Co (inc) USA 


83-117 EUSTON ROAD 81 CORNBROOK STREET 


LONDON NWI MANCHESTER 16 
EUS 5101-5 MOS 1347-8 


AND AT NEW YORK 


@ General purpose stain 


For greater distinction between the natural cellulosic 
res 


And now available 


©) for improved distinction between cotton and spun viscose 


©) 


Also shortly available multi-fibre fabric strip for accurate 
comparisons 


the newer thermoplastic fibres 


Please send for leaflet SDL/ 


an Shirlastain Fibre Identification Stains are now supplied 


SHIRLEY DEVELOPMENTS LTD 

Saxone House 

52-56 Market Street MANCHESTER | 
Telephone DEAnsgate 7706 
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CARRIERS 


HIGH TEMPERATURE 


Pressure 
FOR ALL TYPES OF TEXTILE FIBRES IN Dyeing 


ALMOST EVERY STAGE OF MANUFACTURE 
Machines 


Standard high-temperature High temperature pressure 
pressure dyeing machine dyeing machine for knitted 
with Pegg secondary pump <4 Bentley > or woven fabrics on 


Builders of dyeing machines for loose stock, hanks, ae oe piece- goods, fabric and hose: 
wa 


also finishing ines for all classes of circular knitted rp loom fabrics and garments. 


A member of the Bentley Group 
BARKBY RD - LEICESTER - ENGLAND 
$ A M E P & N LT D. TELEPHONE 66651 TELEGRAMS PULSATOR 
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A reliable character 


The main characteristic of all Manox 
products is their reliability. This is 
particularly true of Manox Sodium 
Hydrosulphite, a highly efficient 
reducing agent for the 
textile industry. 


Write for detailed 
information on 


SODIUM HYDROSULPHITE 


HARDMAN & HOLDEN LIMITED 


Manox House Miles Platting Manchester 10 
Telephone COLIyhurst 1551 (10 lines) 
Telegrams ‘Oxide’ Manchester 


XXX vill Dee. 1961 
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‘Colne Vale Dye & Chemical Co Lid 


MILNSBRIDGE HUDDERSFIELD 
Manufacturers of Aniline Dyes 


We specialise in the accurate matching of 
customers’ shades and samples 


Telephone Milnsbridge 3 Telegrams ANILINE HUDDERSFIELD 


Telephone Bradford 682253-4 (Private Branch Exchange) Telegrams BISULPHITE BRADFORD 


J B WILKINSON ccaemcats) LTD 


ESTABLISHED 1882 


Manufacturers of CHEMICALS for DYERS, BLEACHERS, 
TANNERS, TEXTILES and all INDUSTRIAL PURPOSES 


DUDLEY HILL CHEMICAL WORKS BRADFORD 4 


ALSO LOCAL STOCKISTS OF A LARGE RANGE OF ICI PRODUCTS 


L EW S’ . SCIENTIFIC & TECHNICAL 
BOOKSELLERS 

Any book on the General and Technical Sciences supplied from stock or obtained to order 

Catalogues on request. Please state interests 


LENDING LIBRARY = Scientific and Technical 


ANNUAL SUBSCRIPTION FROM £1 17s. 6d. PROSPECTUS POST FREE ON REQUEST 


H K LEWIS & Co Ltd 136 Gower Street London WC! 


Business hours—9 a.m. to 5 p.m. Saturdays to p.m. 


Telephone EUSton 4282 (9 lines) EE 


CHAS FORTH & SON 


LIMITED 


CHEMICALS DYESTUFFS 
for Dyers & Bleachers for all purposes 
ACIDS ALKALIES SOAPS DYEWOOD EXTRACTS HEMATINES 


Telephone 75147 & 75148 NEW BASFORD 
Telegrams 
Code sth Edition NOTTINGHAM 
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The Certificate of the 
ROYAL INSTITUTE OF PUBLIC HEALTH AND HYGIENE 
has been awarded to 


CHEMICAL COMPANY LTD 
GOLDFINCH JELLY HAND CLEANSER 


The ideal hand cleanser for use in all mills, factories, workshops for a rapid and thorough 
cleansing of the hands 
Removes oil, grease, swarf, grime, ink and many dye stains 
As gentle on the hands as the Goldfinch is gentle in all things 
Telephone Hinckley 3725 


BOTTOMLEY EMERSON LID 


Manufacturers of 


DIRECT AND UNION FAST TO 
LIGHT, ACID, LEATHER AND 
PAPER DYESTUFFS 


We also specialise in the manufacture of 


METACHROME DYESTUFES 


LONGROYD BRIDGE HUDDERSFIELD 
Telephone 4241 (2 lines) 


| ANILINE AND ALIZARINE COLOURS SOLVENTS AND CHEMICALS 


HYDROGEN PEROXIDE 


| (CONCENTRATED) | 
COLE & WILSON LTD | 
24 Greenhead Road HUDDERSFIELD 


| 
FREE FROM ALL IMPURITIES Telephone Huddersfield 3132/3 Telegrams COLOUR HUDDERSFIELD 


} PROMPT DELIVERIES FROM Works Common Road Bay Hall Birkby HUDDERSFIELD | 


i STOCK Telephone Huddersfield 3132/3 
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INDEX TO ADVERTISERS 


ACNA 

ALGINATE INDUSTRIES LTD 

ALLIANCE DYE & CHEMICAL CO LTD 

AMOA CHEMICAL CO LTD 

ANDREW ENGINEERING & DEVELOPMENT CO LTD 
ASSOCIATED CHEMICAL COMPANIES (SALES) LTD 
BENNINGER ENGINEERING CO LTD 

BIP CHEMICALS LTD 

J C BOTTOMLEY & EMERSON LTD 

BROWN & FORTH LTD 


COLE & WILSON LTD 
COLNE VALE DYE & CHEMICAL CO LTD 
CRODA LTD 

DISTILLERS CO LTD 

FARBWERKE HOECHST A G 

CHAS FORTH & SON LTD 

GEIGY CO LTD 

GEIGY CO LTD 

HARDMAN & HOLDEN LTD 

HEXORAN CO LTD 

L B HOLLIDAY & CO LTD 

HUNT & MOSCROP LTD 

IMPERIAL CHEMICAL INDUSTRIES LTD 
IMPERIAL CHEMICAL INDUSTRIES LTD 
IMPERIAL CHEMICAL INDUSTRIES LTD 
HK LEWIS & CO LTD 

LONGCLOSE ENGINEERING CO LTD 
SAMUEL PEGG & SON LTD 

PRETEMA LTD 

SANDOZ PRODUCTS LTD 

SANDOZ PRODUCTS LTD 

SAUNDERS VALVE CO LTD 

SHELL CHEMICAL CO LTD 

SHIRLEY DEVELOPMENTS LTD 

F SMITH & CO (WHITWORTH) LTD 
STANDARD CHEMICAL CO 

TENNANTS TEXTILE COLOURS LTD 
WP THOMPSON & CO 

VINYL PRODUCTS LTD 

J B WILKINSON (CHEMICALS) LTD 
WILLIAMS (HOUNSLOW) LTD 
YORKSHIRE DYEWARE & CHEMICAL CO LTD 


< 
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DIARY REMINDER 


International Federation of Associations of Textile Chemists 
and Colourists (LP.A.T.C.C.) 


Congress at Noordwijk, Holland 25-27 April 1962 


CARROL & DENFIELD 
CASSELLA FARBWERKE MAINKUR A G 
CHEMSTRAND LTD 
CIBA CLAYTON LTD 
CIBA LTD 
= é 
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